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THE  MISSION  OF  AGARD 


The  mission  of  AGARD  is  to  bring  together  the  leading  personalities  of  the  NATO  nations  in  the  fields  of  science  and 
technology  relating  to  aerospace  for  the  following  purposes: 

—  Exchanging  of  scientific  and  technical  information; 

—  Continuously  stimulating  advances  in  the  aerospace  sciences  relevant  to  strengthening  the  common  defence  posture; 

—  Improving  the  co-operation  among  member  nations  in  aerospace  research  and  development; 

—  Providing  scientific  and  technical  advice  and  assistance  to  the  North  Atlantic  Military  Committee  in  the  field  of 
aerospace  research  and  development; 

—  Rendering  scientific  and  technical  assistance,  as  requested,  to  other  NATO  bodies  and  to  member  nations  in 
connection  with  research  and  development  problems  in  the  aerospace  field; 

—  Providing  assistance  to  member  nations  for  the  purpose  of  increasing  their  scientific  and  technical  potential; 

—  Recommending  effective  ways  for  the  member  nations  to  use  their  research  and  development  capabilities  for  the 
common  benefit  of  the  NATO  community. 

The  highest  authority  within  AGARD  is  the  National  Delegates  Board  consisting  of  officially  appointed  senior 
representatives  from  each  member  nation.  The  mission  of  AGARD  is  carried  out  through  the  Panels  which  are  composed  of 
experts  appointed  by  the  National  Delegates,  the  Consultant  and  Exchange  Programme  and  the  Aerospace  Applications 
Studies  Programme.  The  results  of  AGARD  work  are  reported  to  the  member  nations  and  the  NATO  Authorities  through 
the  AGARD  series  of  publications  of  which  this  is  one. 

Participation  in  ACiARD  activities  is  by  invitation  only  and  is  normally  limited  to  citizens  of  the  NATO  nations. 
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THEME 


In  the  future  it  will  be  important  that  systems  be  designed  which  fully  utilize  the  capabilities  of  optical  devices.  Such 
systems  which  exploit  the  potential  speed  and  bandwidth  capability  of  optical  devices,  and  their  capability  for  parallel 
priK'cssing  of  information  should  find  signifieant  applications  in  the  communications,  computing  and  radar  fields. 
Technology  advances  of  the  past  decade  in  optical  electronics  and  very  recent  laboratory  achievements  may  make  possible 
all-optical,  high-speed.  EMI/EMP  immune  digital  computers  and  data  distribution  systems.  As  a  result  of  these  advances  in 
technology,  there  are  now  available  sources,  detectors,  optical  waveguides,  bi-stable  optical  devices,  modulators  and 
demodulators  capable  of  providing  bandwidths  well  in  excess  of  one  gigabit.  This  availability  is  stimulating  the  examination 
of  nr)Vel  applications  and  a  refinement  of  device  performance  goals  is  now  required. 

The  motivation  for  all-optical  digital  systems  is  derived  from  the  need  to  satisfy  requirements  for: 

—  Very  high  integrity  systems 

—  Wide-bandwidth  data  distribution 

—  High  speed 

—  Real-time  bulk  processing 

—  Low  cost 

—  Elimination  of  optical  to  electronic  interfaces. 

The  optical  processing  field  is  replete  with  technical  approaches  and  to  some  extent  there  is  an  inadequate 
understanding  of  the  organization  of  the  problem  area.  This  meeting  on  digital  optical  circuits  will  aid  those  on  the  periphery 
of  this  technology  to  understand  its  goals,  approaches,  and  state-of-the-art.  The  researchers  and  engineers  who  work  in  this 
particular  area  had  the  opportunity  to  meet  with  their  colleagues  and  discuss  the  technical  details  of  this  highly  specialized 
field.  The  state-of-the-art  realizations  and  potential  of  optical  circuit  technology  was  also  of  interest  to  a  broad  applications- 
oriented  audience  concerned  with  digital  data  prtKessing,  communications,  radar  and  avionics. 

Heretofore,  conferences  dedicated  to  the  subject  of  linear  or  two-dimensional  optical  processing  have  overshadowed 
the  subject  of  non-linear,  guided  wave,  optical  bi-stability  circuits.  Recent  advances  with  non-linear  and  bi-stability  effects 
have  focussed  attention  on  the  possibilities  for  optical  digital  circuit.s.  These  circuits  will  result  from  a  blending  of  non-linear 
materials,  integrated  optics  technology  and  picosecond  techniques.  It  is  this  latter  subject  area  that  the  technical  Specialists' 
Meeting  on  Digital  Optical  Circuit  Technology  fcKused  upon.  "The  Electromagnetic  Wave  Propagation  Panel  assisted  in  the 
preparation  of  this  Meeting. 

The  purpose  of  this  meeting,  therefore,  was  to  present  the  research  and  development  status  of  optical  circuit  technology 
and  to  examine  its  relevance  in  the  broad  context  of  digital  processing,  communication,  radar,  avionics  and  flight  control 
systems  implementation. 


II  est  d  une  importance  essentielle  que  les  ctmeepteurs  des  systemes  futurs  tirent  un  parti  maximal  des  possibilites 
offertes  par  les  dispositifs  optiques.  En  effet.  des  systemes  cxploitant  le  potentiel  des  dispositifs  optiques  en  matiere  de 
vitesse  et  de  largeur  de  bande.  ainsi  que  leur  capacitc  de  traitement  simultanc  de  Tinformation.  devraient  trouver 
d'importantes  applications  dans  les  domaines  des  communications,  du  calcul  ct  des  radars.  Les  progres  technologiques 
accomplis  au  cours  dcs  dix  dernieres  annees  au  plan  de  Telectroniquc  optique.  et  les  resultats  concrets  tout  rccemment 
oblenus  en  laboratoire.  permettront  sans  doute  de  realiser  des  ordinatcurs  et  des  systemes  de  diffusion  de  donnees  qui  soient 
;i  la  fois  numeriques.  entierement  optiques,  tres  rapides  et  a  Tabri  des  interferences  et  dcs  impulsions  elect romagneniques, 
(irace  a  ces  progres  technologiques,  on  dispose  actuellement  de  sources  tiptiqucs.  de  detccteurs,  de  guides  d'ondes  optiques, 
de  dispositifs  optiques  bistabics.  de  modulateurs  et  de  dcmtxlulalcurs  capabics  dc  fournir  des  bandes  passantes  bien 
superieures  it  un  gigabit.  C'cs  realisations  jouent  un  role  stimulant  dans  Tetude  d'applications  nouvclles  et  il  s'agil  maintenant 
de  tend  re  vers  des  performances  superieures. 

La  realisation  de  systemes  numeriques  entierement  optiques  repond  a  la  ncccssite  de  satisfaire  aux  imperatifs  suivants: 

—  tres  haut  degre  d’integritc  des  systemes; 

—  larges  bandes  passantes  pour  la  diffusion  dcs  donnees; 

—  grande  rapiditc  de  fonctionnement; 

—  traitement  dc  masses  de  donnees; 

—  coiit  modique; 

—  eHimination  des  interfaces  entre  Toptique  et  Telectroniquc. 

Le  domainc  du  traitement  optique  est  caracterise  par  ur-c  multitude  d'approches  techniques  et,  dans  une  ccrtainc 
mesure  Torganisation  du  sccteur  a  probicmes  n'est  pas  parfaitcmcnl  comprise.  La  reunion  sur  les  circuits  optiques 
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numeriques  avail  pour  but  d'aider  tous  ceux  qui  n  .itit  de  cette  technologic  qu'une  connaissance  encore  superficielle.  a 
comprendre  ses  objectifs,  ses  modes  d’approche  et  son  etat  d'avancement.  Les  chercheurs  et  ingenieurs  qui  travailicnl  dans 
ce  secteur  particulier  avaient  ainsi  I'occasion  de  rencontrer  leurs  collegues  et  d'examiner  avec  eux  les  details  techniques  de  cc 
domaine  hautement  specialise.  L'etat  de  I'art  en  ce  qui  concerne  les  realisations  et  le  potentiel  de  la  technologic  des  circuits 
optique  presentait  egalement  un  interet  certain  pour  un  auditoire  oriente  vers  des  possibilites  d'applicalions  etenducs  et  sc 
preoccupant  de  traitement  numerique  de  donnees,  de  communications,  de  radar  el  d'avionique. 

Jusqu'ici,  les  conferences  consacrees  au  traitement  optique  lineaire  ou  bidimensionnel  ont  laisse  dans  I'ombre  les 
circuits  optiques  bistables  non  lineaires  a  ondes  guidees.  Les  progres  recemment  accomplis  en  matiere  d'effets  non  lineaires 
et  bistables  ont  appele  I'attention  sur  les  possibilites  des  circuits.  Ces  circuits  pourront  etre  realises  si  Ton  associe  les 
materiaux  non  lineaires,  la  technologic  de  I'optique  integree  et  les  techniques  de  pico-secondes.  C'est  de  ce  domaine  que 
traitait  essentiellement  la  Reunion  de  Specialistes  de  I’AVP  sur  la  Technologic  des  Circuits  Optiques  Numeriques. 

Cette  Reunion  avail  done  pour  but  de  dresser  un  bilan  des  recherches  el  des  realisations  interessant  la  technologic  des 
circuits  optiques  et  d’etudier  leurs  implications  dans  le  mtexte  general  du  traitement  numerique  des  donnees.  des 
communications,  du  radar,  de  I'avionique  et  de  la  mise  en  oeuvre  des  systemes  de  pilotage. 
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POTENTIAL  NATO  APPLICATIONS  FOR  DIGITAL  OPTICAL  COMPUTERS 

by 

Billy  L.Dove 

N  ASA-Langley  Research  Center 


The  computini’  power  of  avionics  systems  has  increased  steadily,  but  is  reaching  the  point  where  additional  capability 
will  be  necessary  to  implement  new  functions.  The  conventional  electronic  computer  has  been  able  to  keep  up  with  (first 
priority)  demands  because  of  miniaturization  and  associated  cost  decreases.  However,  the  trend  in  avionics  is  to  go  all-digital 
in  the  solution  to  complex  problems,  such  as; 

°  Guidance  and  control  systems  —  realized  in  state-space  techniques  requiring  the  manipulation  of  fairly  large  matrices. 

o  Variable  geometry  and  CCV  aircraft  —  requiring  more  sensors. 

0  Imaging  and  A.''!  techniques  —  increa.ses  the  number  of  parallel  data  channels. 

o  The  changing  role  of  the  man  in  the  vehicle,  from  pilot  to  in-situ  mission  manager  —  demands  more  information 
preprocessing. 

The  classical  von  Neuman  computer  structure  can  only  cope  with  such  requirements  by  increasing  ;'rocessor  speed  and 
multiprocessor  techniques.  The  latter,  however,  involve  overhead  in  bus  management  so  that  the  law  of  diminishing  returns 
limits  the  usefulness  by  increasing  the  number  of  cooperating  processors.  The  avionics  community  thus  is  in  need  of  real 
parallel  processor  arrays,  working  simultaneously  on  the  same  data  and  on  concurrent  sensor  signals.  Several  electronic 
solutions  are  being  considered,  but  the  available  technology  for  integrating  basic  circuits  on  suitable  chips  almost  forbids 
their  realization  in  avionics  formats  and  weights.  The  optical  bistable  devices  discussed  at  the  symposium  do  have  the 
poieii’iut  for  realizing  a  large  multichannel  computer  in  a  small  package.  Then  not  only  the  size,  but  also  the  power 
consumption  of  such  digital  optical  computers  can  be  quite  modest.  In  some  ways  it  even  appears  to  be  an  overkill  to  the 
avionics  engineering  community,  since  1 0*  parallel  channels  operating  at  rates  of  gigabauds  are  easily  within  reach,  and  1  ()'' 
parallel  channels  seem  possible.  In  a  lively  discussion  it  was  pointed  out  that  the  majority  of  current  avionic  needs  could  be 
met  with  10'  to  lO”  parallel  channels. 

The  advice  voiced  at  the  meeting,  that  researchers  working  on  optical  computing  should  strive  to  join  in  augmenting 
electronic  computing  capability  and  not  to  compete  with  it  in  order  to  supplant  it.  should  be  evaluated.  The  infrastructure  of 
conventional  computing  in  both  hardware  and  software  is  enormous,  but  deficient  in  capability  in  satisfying  the  most  extreme 
computational  demands.  Both  in  support  to  research  and  design,  and  in  the  achievement  of  performance  goals  of  service 
equipment,  the  demand  for  computational  power  continues  to  exceed  capability.  Examples  of  the  former  lie  with 
aerodynamic  design,  and  examples  of  the  latter  lie  with  image  processing  and  understanding,  and  with  artificial  intelligence. 
Both  digital  optical  VLSI  interconnect  and  digital  optical  computing  could  contribute  to  the  capability  being  sought.  A  staged 
approach  is  required,  and  the  demonstration  of  digital  optical  computing  with  computationally  enormous,  but 
mathematically  well-defined,  problems  of  large  matrix  manipulation  seems  a  good  first  step  and  is  exemplified  in  the 
approach  reported  in  a  number  of  papers. 

The  optical  digital  computer  is  of  particular  interest  foi  future  applications  wherever  arrays  of  data  have  to  be 
priKcssed  in  parallel.  It  seems  that  the  first  applications  of  parallel  computers  will  be  devoted  to  special  tasks  such  as  matrix 
operations  as  used  in  all  kinds  of  signal,  image,  and  data  proce.s.sing.  Target  application  areas  need  to  be  further  refined. 
Besides  the  technological  difficulties,  an  adequate  use  of  a  highly  parallel  optical  computer  could  cause  problems  on  the 
software  side.  A  new  ‘parallel"  way  of  thinking  will  be  necessary. 

Further  progress  is  to  be  expected  in  optical  computing  with  the  identification  of  useful  architectures,  and  in  so  doing  to 
focus  the  efforts  of  device  innovators  onto  the  key  aspects  where  innovation  will  have  more  impact. 

The  following  possible  applications  of  the  digital  optical  computer  indicate  that  it  is  highly  desirable  for  NATO 
applications.  This  listing,  by  far  not  complete,  may  give  an  impression  of  how  important  parallel  computers  are: 

Signal  processing  —  The  majority  of  digital  signal  priKcssing  uses  matrix  algebra.  In  coherent  systems,  such  as  radar  and 
sonar,  complex  matrix  algebra  is  required.  A  fast  processor  operating  on  arrays  of  data  that  arrive  in  p;  rallel  (typical  data 
rate  of  a  radar  array  antenna;  several  thousand  complex  numbers  per  microsecond)  is  required  to  solve  a  number  of 
problems,  e  g.,  beam  forming.  Doppler  filtering,  multichannel  matched  filtering,  clutter  and  jammer  suppression,  clutter  and 
target  recognition,  synthetic  aperture  processing,  etc.  (existing  array  processors  are  serial  machines!). 

Radar  data  processing  —  T racking  algorithms  (such  as  Kalman-Fillcr)  arc  also  based  on  matrix  algebra  Simultaneous 
tracking  of  several  targets  requires  parallel  operation. 
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Image  processing  —  Fast  digital  image  correlators  are  of  importance  for  real-time  target  classification  and  identification. 
A  parallel  digital  optical  computer  would  be  the  solution  to  this  problem. 

Communication  switchboards  —  At  a  crossing  of  two  bundles  of  N  communication  lines,  N  ■  interconnections  arc 
possible.  Such  an  interconnection  network  can  be  realized  by  an  optical  switch  array. 

Multisensor  signal  processor  —  In  a  military  environment  (e.g..  fighter  aircraft),  data  coming  from  various  sensors  arc 
obtained  simultaneously  and  have  to  be  processed  in  parallel  and  connected  with  each  other. 
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TECHNICAL  EVALDATION  REPORT 


Professor  Hyatt  M,  Gibbs,  Ph.D. 

Optical  Circuitry  Cooperative  and  Optical  Sciences  Center 
University  of  Arizona,  Tucson,  Arizona  85721  USA 


PURPOSE  AND  THEME 

The  purpose  of  the  meeting  was  to  present  the  research  and  development  status  of  opti  circuit 
technology  and  to  examine  Its  relevance  in  the  broad  context  of  digital  processing,  communication, 
radar,  avionics,  and  flight  control  systems  Implementation. 

The  following  statement  of  the  theme  and  objectives  from  the  meeting  announcement  outlines  the 
rationale  for  a  reexamination  of  digital  optical  circuitry  with  an  emphasis  on  all-optical  systems 
employing  nonlinear  materials: 

“In  the  future  it  will  be  important  that  systems  be  designed  which  fully  utilize 
the  capabilities  of  optical  devices.  Such  systems  which  exploit  the  potential  speed 
and  bandwidth  capability  of  optical  devices,  and  their  capability  for  parallel 
processing  of  Information  should  find  significant  applications  in  the  communication, 
computing  and  radar  fields.  Technology  advances  of  the  past  decade  in  optical 
electronics  and  very  recent  laboratory  achievements  may  make  possible  all-optical, 
high-speed,  EMX/EMP  Immune  digital  computers  and  data  distribution  systems.  As  a 
result  of  these  advances  la  technology,  there  are  now  available  sources,  detectors, 
optical  waveguides,  bl-stable  optical  devices,  modulators  and  demodulators  capable 
of  providing  bandwldths  well  In  excess  of  one  gigabit.  This  availability  is 
stimulating  the  examination  of  novel  applications  and  a  refinement  of  device 
performance  goals  Is  now  required. 

The  motivation  for  ali-optlcal  digital  systems  is  derived  from  the  need  to 
satisfy  requirements  for: 

— Very  high  integrity  systems 

— Wlde-bandwldth  data  distribution 

—  High  speed 

— Real-time  bulk  processing 

— Low  cost 

— Elimination  of  optical  to  electronic  interfaces 

The  optical  processing  field  is  replete  with  technical  approaches  and  to  some 
extent  there  is  an  inadequate  understanding  of  the  organization  of  the  problem  area. 

The  proposed  meeting  on  digital  optical  circuits  will  aid  those  on  the  periphery  of 
this  technology  to  understand  Us  goals,  approaches,  and  state  of  the  art.  The 
researchers  and  engineers  who  work  In  this  particular  area  will  have  the  opportunity 
to  meet  with  their  colleagues  and  discuss  the  technical  details  of  this  highly 
specialized  field.  The  state-of-the-art  realizations  and  potential  of  optical  circuit 
technology  are  also  of  Interest  to  a  broad  appllcatlons-oriented  audience  concerned 
with  digital  data  processing,  communications,  radar  and  avionics. 

Heretofore,  conferences  dedicated  to  the  subject  of  linear  or  two  dimensional 
optical  processing  have  over-shadowed  the  subject  of  non-linear,  guided  wave,  optical 
bi-stabillty  circuits.  Recent  advances  with  non-linear  and  bl-stabllity  effects  have 
focussed  attention  on  the  possibilities  for  optical  digital  circuits.  These  circuits 
will  result  from  a  blending  of  non-linear  materials,  integrated  optics  technology 
and  picosecond  techniques.  It  is  this  latter  subject  area  that  the  proposed 
technical  Specialists  Meeting  on  Digital  Optical  Circuit  Technology  will  focus  upon. 

The  Electromagnetic  Wave  Propagation  Panel  is  assisting  in  the  preparation  of  this 
Meeting 

EVALUATION 

a.  Materials 

Nonlinear  optical  signal  processing  can  best  be  done  with  very  large  nonlineartties  that  operate  at 
room  temperature,  require  very  low  power  per  logic  element  (microwatts),  and  are  very  fast  (picosecond). 
No  such  material  has  been  discovered  or  constructed  so  far.  For  most  applications  other  than  a  large 
stationary  computer,  room-temperature  operation  is  highly  desirable  if  not  absolutely  essential.  GaAs, 
in  both  bulic  and  multiple-quantum-well  (MQW)  structures,  is  the  most  promising  candidate  at  present 
(talk  8;  see  Appendix  A  for  talk  titles  and  authors).  It  Is  also  attractive  in  other  ways:  well- 

developed  and  commercially  available  diode  lasers  have  enough  power  and  the  appropriate  emission 
wavelength  to  drive  GaAs  nonlinear  optical  devices;  GaAs  can  be  used  to  fabricate  lasers,  detectors,  and 
high-speed  electronics,  making  it  a  natural  material  for  Integrated  optical  circuitry;  a  substantial  base 
of  knowledge  and  of  growth  and  fabrication  equipment  already  exists  for  GaAs. 

Kher  semiconductor  materials  with  large  (»  i  Co  10^^  optical  noniln<.?arltle«  are  being 

investigated:  InSb  (5  ym,  one-photon  band  filling,  77  K;  talk  1);  InSb  (10  ym,  two-photon  band  filling, 

3UU  K;  talk  1);  CdS  (0.A9  ym,  bound  exciton,  4  K;  talk  2);  CuCl  (0.39  ym,  biexclton,  '*  K;  talk  b  and  Ref. 
I);  InAs  (3  yffl,  one-photon  band  filling,  77  K;  Ref.  2)  CdxHg|_xTe  (10  ym,  one-photon  band  filling,  77  K; 
talk  3);  CdxHgj_,,Te  (10  ym,  two-photon,  300  K;  talk  3);  ZnS  (0.46  to  0,64  ym,  thermal,  300  K;  talk  8); 


ZnSe  (0.51  co  0,65  urn,  thermal,  300  K;  talks  8  and  9).  Semiconductor  resonantly  enhanced  interactions 
have  short  absorption  depths  ( =  1  um),  permitting  very  short  and  fast  decision  making  devices. 


Pipeline  data  applications 
millimeters;  semiconductors  can 
evanescent  field  experiences  the 
n-9 


may  use  guided-wave  devices  with  lengths  from  one  to  several 
be  used  farther  oft  resonance  or  in  overlays  in  which  only  the 
nonlinearity.  The  much  longer  interaction  distances  make  the  much 


smaller  (10'*'^  to  10  ®  /kW,  i.e.,  very  large  compared  with  other  known  nonresonant  nonlinearities)  but 
faster  nonlinearities  of  some  organic  materials  attr.'  -tive  (Ref.  3). 


Clearly  the  search  for  larger  and  faster  nonl ineari i  tes ,  especially  those  still  effective  at  room 
temperature,  should  continue. 

b.  Devices 

Nonlinear  optical  devices  for  signal  processing  can  he  classified  roughly  into  two  categories: 
nonlinear  etalons  in  which  the  light  beams  travel  perpendicular  to  the  plane  of  the  etalon  and  nonlinear 
waveguide  devices  in  which  the  light  Is  guided  through  the  nonlinear  medium. 


I .  Etalons 


Nonlinear  etalons  are  attractive  for  parallel  processing  because  up  to  a  million  beams  could  be 
focused  on  a  single  etalon,  defining  an  independently  functioning  pixel  for  '»ach  beam.  In  the  space 
between  the  nonlinear  etalons  the  beams  can  be  directed,  imaged,  or  transformed  by  linear  optical 
devices;  the  beams  can  pass  through  each  other  without  interfering.  That  Is,  the  power  and  advantages 
of  optics  can  be  fully  utilized,  and  the  nonlinear  etalons  make  the  logic  decisions. 

A  thin  film  of  nonlinear  medium  can  exhibit  optical  bistability  or  thresholding,  for  example,  by 
three  different  mechanisms:  absorptive  and/or  dispersive  bistability  with  external  feedback  or  by 
increasing  absorption  bistability  with  only  intrinsic  feedback.  The  lowest  powers,  fastest  speeds,  and 
highest  transmissions  have  been  achieved  using  dispersive  bistability.  The  most  promising  devices  to 
date  are  GaAs  (talk  8)  etalons  and  ZnS  (talk  8)  and  ZnSe  (talks  I,  8,  and  9)  interference  filters  for 
room-temperature  parallel  processing. 

If  one  imposes  a  maximum  heat  load  of  100  W/cm^,  consistent  with  some  electronic  designs,  one  can 
extrapolate  present-day  one-  or  few-beam  experiments  as  follows.  An  array  of  10^  spots  with  10  mW  per 
spot  could  run  cw  or  up  to  10  KHz  on  a  5-cm2  ^nS  interference  filter  assuming  25%  absorption  (i.e,,  up 
to  operations  per  second).  An  array  of  10^  NOR  gates  with  1  pJ  per  gate  could  run  at  lOO  MHz  on  a 
l-cm^  GaAs  etalon  (i.e.,  up  to  10^"^  operations  per  second).  Clearly  lower  powers  are  desirable,  but 
these  numbers  are  becoming  reasonable  enough  to  warrant  the  design  of  special-purpose  few-pixel 
demonstrations  in  order  to  study  other  problems  associated  with  parallel  processing  of  multiple  beams; 
crosstalk  via  diffraction,  diffusion,  or  luminescence;  heat  dissipation;  and  uniformity  of  clilckness;  for 
example. 

Nonlinear  etalons  are  able  to  perform  all  of  the  basic  logic  operations  (talks  1,  2,  3,  8,  9). 
Under  certain  conditions  the  transmission  of  a  nonlinear  etalon  can  become  unstable;  that  is,  for  a 
noise-fiee  steady  Input  Intensity,  the  output  Intensity  can  become  time  dependent.  If  the  round-trip 
time  t(^  exceeds  the  medium  response  time  the  output  may  undergo  very  regular  oscillations  with  a 
period  of  As  the  values  of  are  reduced,  faster  and  faster  all-optical  oscillators  can  be 
constructed  (talk  «). 

Most  of  the  device  research  is  directed  toward  the  improvement  of  the  most  promising  nonlinear 
etalons.  But  It  Is  important  to  pursue  studies  of  fundamental  limits,  such  as  determining  the  smallest 
number  ot  nonlinear  atoms  required  for  bistability  and  achieving  bistability  without  a  cavity  (talk  7). 


2.  Waveguides 

W-ivegiildes  permit  the  malnr  enance  of  high  light  intensity  over  long  propagation  distances.  Only 
the  largest  n«^nl inea ri t ies  are  useiul  for  nonlinear  etalons  because  diffraction  limits  the  strong-focus 
U'tigth  (the  Rayleigh  length  =  where  is  the  beam  waist  at  the  focus  and  \  is  the  wavelength) 

to  micrometer  distances.  In  contrast,  smaller  and  perhaps  faster  non  1  ineari ties  can  he  useful  for 
guided-wave  devices.  nf  course,  the  transit  time  increases  with  interaction  length.  But  in  pipelining 
app  I  ica  t  iojis ,  such  as  data  encryption  and  decoding,  transit  time  is  unimportant  provided  the  medium 
r--sponse  is  fast  en.tbllng  a  short  time  between  pulses. 

Ih*'  <levf  1  npmen  t  ot  all-optical  waveguide  bistablt*  devices  has  lagge<l  behind  that  for  etalon 
h’viii's.  There  have  been  a  nvimber  of  hybrid  devices  utilizing  waveguide  modulators.  With  fast 
d.  ',  TmT'.  and  implitiers,  hvbrid  devices  »  an  operate  In  tens  of  nanoseconds  with  very  low  optical 
P'.Wf  rs.  External  amplifiers  and  power  supplies  can  be  eliminated  it  mi  1 1  ise«'ond  response  time  is 
a  I  .  .'pr  a  hi  East  hvbrid  devices  might  he  the  best  way  to  harden  sensitive  detectors  and/or  eyes  against 
lasers,  Higli-spoed  o pf oe I er t r onic  swiirhes  may  be  useful  in  this  context  (talk  13).  Particularly 
utra(  tive  are  devices  based  on  interferometric  modulators  such  as  the  Mc»ci»-Zehnde r  directional  coupler 
mod  II 1  a  tor  (talk  i ' ) ) . 


All-optical  wavegui.ie  devices  are  in  an  early  stage  of  development  with  the  emphasis  upon 
teaslhilitv  studies.  The  guide  material  ‘‘an  he  nnnllnear  In  principle,  but  the  common  materials  tor 
oiistructing  wavf>guldes  are  not  alw.ivs  the  most  »u>nlinear.  And  the  nonlinear  materials  often  have 
losses  preventing  propagation  distances  ot  several  millimeters.  The  solution  being  tried  in  several 
iahs  is  to  overlay  the  nonlinear  material  on  top  of  a  conventional  waveguide.  The  evanescent  wave  can 
ho  adjusted  tr»  give  the  desired  phase  slilft  with  acceptable  losses  in  distances  convenient  for  waveguide 
V ons r r ut  t  ion.  Talk  5  discusses  liquid  GS^  contacted  to  a  waveguide  prepared  by  silver-sodium  ion- 
ex.  hange  i  t\  Schott  glass  eyfu*  F5.  fdght  of  l.iib-nm  from  a  NdtYAG  pulsed  laser  Is  pri  sm-coup  1  ed  or 
■'ndtired  inCij  the  nonlinear  waveguide  structure.  The  response  time  of  the  CS^  should  he  1  to  1  ps ,  but 
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SUMMARY 


The  optical  properties  of  semiconductors  i.e.  the  spectra  of  absorption  and  rL-frac- 
tion  arc  determined  in  the  vicinity  of  the  absorption  edge  by  exciton  states.  At  lew 
light  intensities,  the  optical  properties  of  a  sample  are  independent  of  the  i:'.;ident 
light  power.  This  is  the  regime  of  linear  optics.  Under  illumination  with  stron-i  i  i  n.t 
fields,  generally  from  lasers,  the  optical  properties  become  intensity  dependent.  Irn  s' 
socalied  nonlinear  optical  phenomena  can  be  detected  by  various  experimental  toch::i 
like  laser- induced  grating  spectroscopy  or  excite  and  probe  beam  Lechnignes.  I'rc?-  t.;,o 
experimental  data,  the  physical  origin  of  the  noniineariti  es  may  be  deduced,  Th.e 
important  contributions  are  with  increasing  excitation  a  broadening  of  the  cxciton  re¬ 
sonances,  transitions  to  the  biexciton  and  finally  the  phase  transition  to  an  r’lectron- 
hole  plasma. 

Some  of  these  excitation  induced  variations  of  the  optical  properties  can  bo  used 
to  achieve  optical  bistability.  Various  types  of  absorptive  and  dispersive  bistability 
have  been  found.  These  optically  bistable  devices  promise  interesting  possibilities  for 
application  as  digital  memories  or  as  elements  for  logical  operations. 


1.  INTRODUCTION 

One  of  the  basic  properties  of  crystalline  semiconductors  is  their  bandstructurc , 
i.e.  the  relation  between  the  eigenenergy  E  of  an  electron  state  and  its  quasimomentum 
k  ,  For  an  idealized  direct  gap  semiconductor  the  bandstructure  is  shown  in  Fig.  la. 

At  zero  temperature  the  valence  band  states  are  completely  filled  and  the  conduction 
band  states  are  empty.  The  minimum  energy  distance  between  the  bands  gives  the  width  Eg 
of  th«.:  forbidden  gap.  In  a  socalied  direct  gap  semiconductor  the  valence  band  maximum  and 


Fig.  1:  Schematic  presentation  o*’  the  bandstructure  of  an  idealized,  direct  gap  semi-con- 
ductor  (a)  and  of  the  resulting  exciton  states  (b) .  The  dashed  lines  give  the 
dispersion  of  photons  in  vacuum. 
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DIS(  I  SSION 


H.Gibbs,US 

Wc  obtain  slightly  better  results  with  /inc  sulphide  than  zinc  selenide.  Have  you  looked  at  zinc  sulphide  ' 

Author's  Reply 

Yes,  we  have  indeed  —  and  our  results  and  yours  bear  some  interesting  comparisons  because  we  ha\e  replaced  the  /me 
selenide  in  exactly  that  same  design  with  zinc  sulphide  —  right  *  And  wc  get  no  elTect  whatever.  V\  e'\e  also  dtuie  the 
other  thing  —  we've  replaced  the  spacer  layer  with  zinc  sulphide  —  and  we  do  get  results.  That's  not  sn  surprising  but  it's 
too  technical  to  discuss  here.  But  iher-  s  i)bviously  a  great  deal  mt>re  to  resolve  about  w  hat's  gDitig  on  inside  the 
interference  filters.  No  doubt  you'll  say  more  later. 


D.Bosmtin,  Nt* 

How  sensitive  is  the  i)peration  of  optical  processors  of  high  bit  capacity  to  small  unintended  changes  iit  optical  path 
lengths,  e.g.  due  to  vibration  .* 

.Author's  Reply 

I  don't  think  it's  very  sensitive  because  optical  devices  are  being  made  in  difficult  eiuirtmmcnts  w  ith  laser  gear  for 
pattern  recognition  and  all  sorts  of  detection  systems.  In  terms  of  distances  and  addressing  things,  of  course  optica! 
beams  hit  virtually  all  the  elements  at  the  same  time,  so  that's  not  a  huge  problem.  So  you  would  then  be  talking  abi>ut 
vibrations  over  the  surface  area  of  the  individual  elements.  Well  I  think  you  can  actually  make  that  t airly  rigid.  Of  course 
it  depends  on  the  amount  of  resolution  —  the  data  rate  you  want,  so  that  diiesn'i  look  like  an  impractical  proposition.  I 
think. 


InSb  device  operating  at  10.6  um  wavelength.  Inset  shows  a  typical  input/ 
output  characteristic  (transmission). 


INPUT  POWER  TO  SWITCH  2  ,  mW 


separation  •''0.5mm 


Figure  5.  Two  coupled  C»  switches  on  a  single  Ir 
Bottom  left:  experimental  layout. 

Top:  input/output  characteristics  of 

Bottom  right:  inpu|?output  character! 

a,  b  and  c  show  the  result  of  increasi 
switch  2  to  its  switch  point. 


OUTPUT  FROM  SWITCH  2  ,  mW 


REFLECTED  INTENSITY (W/cm*) 


(b)  INCIDENT  INTENSITY  (W/cm*) 


Figure  3. 


Input/output  characteristics  (reflection)  for  an  InSb  etalon. 

(a)  Experimental  result.  (b)  Calculated  using  the  improved  plane  wave  theory 
described  in  text. 


TRANSMITTED  POWER  CmW) 


Figure  1. 
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Figure  2. 


t  SWITCH  Ij.l 

(d)  POINT 

Showing  a  typical  Fabry-Perot  characteristic,  a,  and  the  evoJution  of  nonlinear 
transmission  to  switching  behaviour,  b-d.  (See  text). 


INCIDENT  POWER  (mW) 


Input/nutput  characteristic  for  a  210  .un  thick  InSb  etalon  near  77  k  using 
Ifll’J  cjn"^  radiation.  (Surface  reflectivities  ,  spot  size  0.2  mm). 


M 


8 .  Room  Temperature  InSb  Results 

The  results  of  initial  optical  bistability  studies  or.  roc®- temperature  InSb  have  already  been  published 
.Kar  et  al .  (ID)  .  In  these  experiments  free-carriers  are  excited  across  the  0.18  eV  bandgap  with  10.6  u® 
(CO2  laser)  radiation  by  a  two-photon  process.  Recent  results  have  been  obtained  using  longer,  3  Us, 
duration  pulses  to  minimise  the  dynamic  effects  of  the  rise  and  fall  of  incident  power.  In  addition,  small 
area  pinholes  moxinted  directly  onto  the  samples  have  been  used  to  define  an  area  of  uniform  illumination  at 
a  specific  point  on  the  device.  This  should  permit  more  direct  comparison  of  experimental  results  with 
plane  wave  theory.  Controlled  variation  of  the  initial  detuning  is  achieved  by  angular  adjustment  of  the 
sample.  The  pinhole  ensures  that  all  measurements  are  made  on  the  same  part  of  the  sample,  avoiding  any 
uncertainties  caused  by  material  or  surface-finish  non-uniformity.  Fig.  6  includes  an  example  of  the 
transmission  characteristic  which  shows  clear  hysteresis.  Care  must  be  ta)cen  in  claiming  true  bistability 
before  completion  of  a  full  analysis  of  al 1  the  dynamic  effects.  Fig.  6  also  plots  the  switching  irradiamce 
as  a  function  of  initial  detuning  and  shows,  at  least  qualitatively,  the  expected  trend. 

9.  Conclusions 


This  experimental  programme  can  be  summarised  under  three  main  headings:  the  physics  of  the  non¬ 

linearity  and  associated  parameters,  e.g.  the  form  of  An{l,T)  and  a(I,T);  the  development  and  character¬ 
isation  of  single  devices,  e.g.  switches,  transphasors,  modulators,  etc.,  and  the  coupling  of  devices  to 
develc^  photonic  logic.  Future  work  is  directed  at  taking  these  InSb  devices  further  including  investiga¬ 
tion  of  possible  waveguide  geometries. 

It  now  seems  possible  to  iterate  a  significant  number  of  all-optical  circuit  elements  and  to  demonstrate 
a  simple  processor. 
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4 .  Treinsphasor  Action 


By  adjusting  the  initial  detuning  from  resonance  of  the  InSb  etalon  the  tremsmission  characteristic 
can  be  made  to  have  a  steeply-sloped  single-valued  region  -  giving  high  differential  gain.  This  permits 
the  construction  of  a  transphasor  amplifier.  By  using  a  separate  3  pW,  5.5  uiQ  wavelength  chopped  beam  as 
a  probe,  pulse-amplification  of  up  to  1.3  x  10^  has  been  observed  from  a  single  device  (Tooley  et  al.  (8)) . 
It  should  be  noted  that  there  is  no  requirement  for  the  signal  to  be  coherent  with  the  bias  beeun  in  this 
application,  as  was  demonstrated  by  using  orthogonally  polarised  beams  with  equal  success. 

5.  Response  Speeds 

The  signal  frequency  in  the  high-gain  transphasor  experiment  was  limited  to  1  KBz  by  mechanical 
chopping  rates.  It  is  important  that  the  upper  bandwidth  limit  of  the  InSb  transphasor  be  determined. 

Direct  observations  of  the  switching  times  obtained  by  very  slowly  sweeping  the  input  power  give  an  upper 
limit  of  2  Us  for  both  switch-on  and  switch-off.  (Much  faster  switch-on  times  should  be  possible  with 
more  intense,  fast-rising  pulses,  as  implied  by  successful  switching  with  35  ps  NdtYAG  laser  pulses 
(Seaton  et  al.  (9)).  To  investigate  the  higher  frequency  response  of  a  transphasor-type  device  a  1.3  um 
laser  diode,  capable  of  being  modulated  at  >  lO  MHz  has  been  used  as  the  signal  source.  The  experimental 
arrcingement  is  shown  in  Fig.  4,  together  with  the  reflection  characteristic  employed.  No  attempt  was  made 
to  achieve  gain  in  this  instance.  With  the  device  biased  to  the  centre  of  the  negative  slope  region,  the 
signal  on  the  1.3  vm  beam  incident  on  the  rear  face  of  the  sample  induced  linearly-proportional  modulation 
on  the  reflected  5.5  ym  beam.  In  initial  experiments  power  gains  of  up  to  20  have  been  observed  between 
the  1.3  um  input  and  5.5  pm  output.  There  is  evidence  that  the  gain-bandwidth  product  has  a  constant 
value  of  about  4  x  10^  Hz. 

6.  Cross-Wavelength  Modulation  and  Switching 

In  addition  to  the  1.3  pm  laser  diode  a  wide  range  of  other  sources  have  now  been  used  to  switch  or 
modulate  the  5  um  InSb  OB-switch  or  transphasor.  These  include  visible  wavelengths  -  of  particular  interest 
to  potential  image  processing  applications-  For  example,  with  the  laser-diode  in  Fig.  4  replaced  by  a 
iO  mW  He-Ne  laser  both  switching  and  modulation  of  the  5.5  pm  reflected  beam  by  coherent  visible  radiation 
have  been  demonstrated.  Alternatively,  using  a  photographic  flash-unit  incoherent-to-coherent  switching 
with  white  light  has  been  studied  (Smith  et  al . ,  ibid).  Table  1  summarises  these  and  other  experiments. 


Table  1,  Cross-wavelength 

modulation  and  switching  of  an 

InSb  OB  device  pumped 

at  5.5  um 

Wavelength,  etc. 

Operation 

Gain 

Frequency 

(Source) 

Mode 

5.5  um,  3  uW 
(CO  laser) 

Switch ing 

1.3  X  lo'* 

kHz 

1 . 3  um ,  1  mW 

Switching 

Single  pulse 

(Laser  Diode) 

Modulation 

10 

'u  4  MHz 

1.06  um  and  0.53  um,  5  nJ 
(Nd:YAG  Laser) 

Switching 

- 

Single  pulse 

0.633  Um,  lO  mW 

Switching 

-v.  1 

3  kHz 

(He.'Ne  Laser) 

Modulation 

White  Light 
(Camera  Flash) 

Switching 

- 

Single  pulse 

7 .  Demonstrations  of  Sequentially  Coupled  Logic  Elements 

An  experiment  in  which  the  transmission  change  through  one  bistable  InSb  device  was  used  to  switch  a 
second  has  been  reported  previously  (Smith  &  Tooley  (lO)).  Recently  we  have  coupled  two  devices  together 
working  in  their  reflection  mode  and,  more  significantly,  with  both  gates  operating  adjacent  to  each  other 
on  a  single  InSb  etalon.  The  experimental  geometry  is  shown  in  Fig.  5,  together  with  the  results  obtained. 
The  two  gates  were  addressed  from  opposite  sides  of  the  sample  and  were  separated  by  eibout  0.5  mm,  i.e. 
about  2.5  focal-spot  diameters.  The  reflection  from  gate  1  was  directed  at  gate  2.  By  biasing  gate  2  to 
just  below  its  switclj  point  the  following  sequence  was  demonstrated,  as  reproduced  in  Fig.  4.  Firstly  as 
tlie  input  power  to  gate  1  is  increased  the  reflected  power  becomes  sufficient  to  switch  on  gate  2  (low 
reflection  state).  A  further  increase,  however,  causes  gate  I  to  switch  on.  The  consequent  drop  in 
reflected  power  simultaneously  causes  gate  2  to  turn  off.  Finally,  a  further  increase  in  input  power  can 

eventually  turn  gate  2  back  on  once  more.  The  range  of  input  powers  over  which  gate  2  remains  on  is 

determined  by  its  initial  bias  condition.  This  device  r^resents  an  XNOR  gate  and  is  also  close  to  a  flip- 

flop  configuration,  the  latter  simply  requiring  the  output  from  gate  2  to  be  directed  back  at  gate  1. 

Finally,  by  using  transmission  feedback,  or  by  adding  a  third  switch,  an  oscillator  could  be  constructed. 

Altcxjether,  the  feasibility  of  a  wide  reinge  of  logic  devices  have  been  demonstrated.  For  example, 
with  a  single  active  element  only,  both  AND  and  C»  gates  can  be  made  using  the  treinsmission  mode,  while 
NAND  cind  NOR  gates  are  obtained  by  operating  in  the  reflection  mode.  Tlie  device  described  above  demonstrated 
a  two-element  XNOR  gate,  while  the  first  element  alone  acted  as  em  XOR  gate.  Finally,  of  course,  a  bi- 
steUsle  characteristic  provides  a  memory  element.  We  have  now  reached  the  point  where  we  can  start  to 
build  simple  all-optical  circuits. 


(1  ^  R) 


(4) 


1-: 


=  T(X) 


(1  -  R) 


so  that  increases  as  T(X)  rises  giving  positive  feedback  to  the  nonlinear  shift  in  optical  thickness. 

In  fact,  then,  the  peak  in  Fig.  la  moves  increasingly  quickly  toward  the  laser  wavelength  Xl*  ®  linear 

intensity  ramp  (with  time)  is  used  to  address  the  device  then  the  rate  can  be  expressed  either  as  a 
function  of  incident  intensity  or  time  (Fig.  Ic)  emd  is  given  by 


d(6X) 

dl . 

1 


T(X) 


(5) 


■rt^e  two  terms  in  the  denominator  of  the  RHS  of  Eq.(5)  represent  the  nonlinear  shift  and  feedback  respect¬ 
ively.  When  the  feedback,  chemging  with  and  dT/dX,  becomes  large  enough  this  denominator  approaches 
zero  and  the  rate  of  approach  of  the  moving  resonemt  wavelength  to  the  pump  wavelength  diverges  eind  becocnes 
infinite  (Fig.  Id).  At  this  point  the  device  switches  suddenly  on  to  resonance.  The  l^u^ge  internal  field 
being  now  established,  reduction  in  leaves  the  resonator  in  its  uf^er  state  and  hysteretic,  i.e.  memory 

behaviour  is  seen.  The  simplest  plane  wave  theory  is  obtained  by  simultaneous  solution  of  Eq. (4)  for  T(X) 
with  the  standard  Airy  formula  describing  Fig.  la, 

T(\)  =  - - - (6) 

1  +  Fsin  6 


where 


F 


4R/(1  -  R)^ 


and  9 


27JnL/X 


The  input-output  characteristic  may  appear  as  in  Fig.  lb,  but  varies  according  to  choice  of  initial 
detuning  5X. 

3 .  Comparison  of  Theory  and  Experiment 

An  example  of  an  experimental  optically  bistable  diaracterlstic  is  given  in  Pig.  2  for  em  InSb 
resonator  activated  by  a  CO  laser  at  1819  an*^.  Another  characteristic,  showing  switching  through  three 
Fabry-Perot  orders  and  observed  in  reflection,  is  shown  in  Fig.  3a.  An  approximate  theoretical  fit  to 
these  results  can  be  achieved,  without  resorting  to  full-dimensional  modelling,  by  including  two  factors 
in  the  basic  plane  wave  theory,  outlined,  first,  assuming  that  any  saturation  of  the  contribution  per 
excess  carrier-pair  can  be  neglected, 

And)  »  oAN(I)  (7) 


That  is.  An  may  be  taken  as  directly  proportional  to  the  density  of  excess  carrier-pairs  generated,  An, 
with  a  constant  of  proportionality,  o  (Miller  et  al.  (6)).  AN(I)  then  remains  to  be  determined.  This 
requires  a  knowledge  of  carrier  recombination  rates.  A  review  of  published  experimental  data  for  excess- 
carrier  lifetimes  in  n-lnSb  at  77  -  ICW  K  shows  considerable  spread  of  values.  However,  there  is  a  clear 
trend  showing  shortening  lifetimes,  T^,  at  higher  carrier  densities  (>  5  x  10^^  00“^)  and  an  empirical 
relation  can  be  deduced  of  the  form: 


=  r ,  +  r,  (N  +  iN)  (8) 

R  1  2  o 

where  is  the  dark  carrier  density  and  AN  the  excess  carrier  density.  This  relation  implies  a  mono- 
molecular,  e.g.  trap,  recomblnatlcm  at  low  carrier  densities,  evolving  to  a  bi-molecular ,  e.g.  radiative, 
reccmbinatlon  process  at  higher  densities.  A  fit  to  the  data  can  be  obtained  using  r^^  =  1.5  x  10^  s“^ 
and  r2  *  l-S  x  10"^®  cm^  both  rates  being  accurate  to  about  ±  50%. 


Using  Eq. (8)  for  Tp,  the  equilibrium  excess  carrier  density  can  be  calculated  for  any  internal 
irradiance,  l(W/an^)  ,  from  An  =  a^TplA^v.  Thus  ,  and  hence  the  refractive  index  chamge,  can  be 

obtained  from: 


AN(I) 


<^1 


r  N  +  4r  a  I/hv  **  -  (r 


+  r-N  ) 


2r., 


(9) 


where  is  the  carrier  generating  absorption  coefficient  (00’^)  and  hv  the  photon  energy  (Joules) . 

It  is  assumed  in  the  above  that  Is  not  significantly  saturated  at  these  Irradiance  levels.  This 
is  consistent  with  experimental  measurements  of  absorption  as  a  function  of  Irradiance  performed  on  other 
samples  from  the  batch  currently  being  used  to  fabricate  bistable  devices.  These  results  demonstrate  an 
increase  In  transmission  losses  with  increasing  irradiance,  and  appear  to  be  consistent  with  a  simple  model 
based  on  additional  absorption  being  induced  by  the  generated  free-carxier  pairs.  Assuming  equal  electron 
and  hole  concentrations,  free-carrler  absorption  Is  dominated  by  the  direct  int^a-valence-b^md  hole  trans¬ 
ition.  The  hole  absorption  cross-section  is,  Op  =  2.5  x  10'^^  can^,  at  77  K  in  InSb  (Kumick  and  Powell  (7)). 
The  total  absorption  coefficient  Is  then  given  by: 


a  *  a  -f  AN(i)  .0  (10) 

o  p 

It  has  been  found  that  by  using  Eq. (9)  to  calculate  the  excess  carrier  density,  and  hence  both  An 
from  Eq.(7)  and  the  total  absorption  from  Eq. (10),  that  the  Input/output  characteristic  calculated  from 
plane-wave  theory  gives  a  Maaonablc  fit  to  the  experimental  result.  This  is  shown  in  Fig.  3b/  where  c 
has  been  taken  to  be  1.9  x  10“^®  cn^  (equivalent  to  n2  *  0.3  an^Aw  at  low  AN  values).  Further  improve¬ 
ments  in  modelling  suc^  characteristics  will  probably  require  a  fuller  2-D  calculation. 
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Summary 

InSb  etalons  operated  at  77  K  and  illuminated  by  CO  lasers  (5.5  um)  exhibit  cw  optical  bi stal' i 1 1 1 y . 

A  wide  range  of  experiments  have  been  performed  to  permit  the  basic  characterisation  of  these  devices  and 
to  demonstrate  their  various  potential  applications.  The  latter  include  signal  amplification,  modulation 
and,  with  external  switching,  the  construction  of  logic  gates.  Two  devices  on  a  single  etalon  have  now 
been  coupled  to  form  a  simple  all-optical  circuit. 

New  results  have  also  been  obtained  with  InSb  at  room  temperature  using  pulsed  CO2  lasers  (10. f.  urn)  . 


1.  Introduction 


Abraham  Szbke  et  al.  (1)  proposed  that  a  saturable  absorber  inside  a  Fabry-Perot  optical  resonator 
could  exhibit  two  bistable  states  of  transmission  for  the  same  input  intensity.  The  simple  idea  is  that 
at  high  intensities,  the  induced  transparency  allows  constructive  interference  at  resonant  wavelengths  and, 
due  to  the  large  internal  field  in  this  situation,  the  system  can  be  held  'on*  to  lo\*rer  incident  intensities 
than  those  required  to  induce  the  transparency.  The  experiments  quoted  were,  however,  inconclusive  and  it 
was  not  until  1976  that  Gibbs  et  al.  (21  demonstrated  c^tical  bistability  using  sodium  vapour  in  an  inter¬ 
ferometer.  They  deduced  that  the  effect  was  caused  by  nonlinear  refraction  rather  than  saturable  absorption. 
The  physics  and  mathematics  underlying  optical  bistability  has  attracted  much  theoretical  interest;  a 
review  was  given  by  Abraham  and  Smith  (3),  citing  250  papers  around  80%  of  which  are  theoretical. 

In  1976,  nonlinear  refraction  was  explicitly  observed  at  milliwatt  powers  at  wavelengths  near  the 
absorption  edge  of  the  narrow  gap  semiconductor,  InSb,  in  our  laboratory  (Miller  et  al.  (4)).  Liquid- 
nitrogen  cooled  InSb  and  CO  lasers  have  proven  to  be  an  extremely  useful  combination  in  both  the  study  of 
optical  bistability  and  the  demonstration  of  practical  bistable  devices.  In  addition,  InSb  with  CO2  laser 
illumination  has  permitted  the  demonstration  of  bistable  switching  at  room  temperature. 

2.  Theoretical  Background 

If  we  begin  with  intensity-dependent  refraction  and  absorption  we  can  simply  express  linear  effects 
in  intensity  I  by: 

n(I)  *  +  n^I  (1) 

where  the  nonlinear  refractive  index,  n2t  can  conveniently  be  measured  in  cm^/kw,  for  refraction  and  to 
relate  absorption  coefficient  a(I)  to  linear  absorption  a^, 

a(l)  =  -  a.i  (2) 

O  2 

Both  n2  and  02  can  be  described  by  the  conventional  expansion  of  polarisation  in  powers  of  the  electric 
field.  We  are  concerned  here  with  third  order  polarisation  for  intensity  dependent  effects  proTOrtional 
to  <  E(co)  >2  with  U)j^  =  0)2  ®  ^3  ”  Values  of  reported  before  1976  varied  from  10~®  -  10“^^  esu  as 

reviewed  by  Wherrett  (5).  However  ih  InSb  is  measured  to  be  'V'  1  esu. 

The  explanation  of  this  enormous  (10^)  decrease  in  required  power  lies  in  the  near  resonance  between 
the  triply  degenerate  frequ«icy  (u)}  of  the  three  field  components  and  the  frequency  difference  between 
initial  and  various  intermediate  states,  corresponding  to  the  semiconductor  energy  gap. 

The  presence  of  absorption  allows  real  ex cl tatlon  of  the  system:  redistribution  of  the  electron 

population  will  temporarily  change  the  properties  of  the  material.  The  nonlinearity  is  thus  said  to  be 
'active'  and,  persisting  for  a  characteristic  population  lifetime  Tj^  (varying  from  microseconds  to  pico¬ 
seconds)  and  can  also  be  said  to  be  'dynamic'.  Just  as  linear  refraction  and  absorption  are  related  by 
the  Kramers-Kronig  relation,  the  same  integral  can  be  used  to  calculate  the  nonlinear  refraction  from  the 
change  in  absorption  induced  by  population  redistribution  if  the  relaxation  processes  are  fast  compared 
with  the  measurement  time.  This  method  has  been  successfully  used  to  predict  the  magnitude  and  sign  of 
'active'  effects  in  semiconductors.  Miller  et  al.  (6).  For  band  edge  effects  in  small  gap  materials  it  is 
sometimes  known  as  the  'dynamic  Moss-Burstein  effect*  and  explains  both  the  resonance  behaviour  and  mag¬ 
nitude  of  02  near  (a  few  lO's  of  cm"M  the  bemd  edge  with  values  02  0.1  -  1  cm^/kW.  Since  a  device  can 

be  switched  with  an  increment  An  lO”^,  power  densities  of  order  W/an^  can  be  used  in  practice. 

To  obtain  optically  bistable  switching  feed-back  is  provided  by  a  Fabry-Perot  resonator,  formed  by 
the  polished  InSb  surfaces  themselves.  An  interferometer  of  optical  thickness  nL,  shows  peaks  of  trans¬ 
mission  as  a  function  of  wavelength  when 

M  1/2  *  n(I)L  »  (n  +  n.,  ^)L  (3) 

o  2  int 

where  ^int  the  intensity  Inside  the  resonator  and  N  Is  Integer.  Consider  an  initial  detuning  frcm 
rescxiance  of  Fig.  la.  As  the  Incident  intensity  I  increases,  the  optical  thickness  changes  as  the 
internal  intensity  I  rises,  through  the  term  n2ljQ^L  In  Eq.(3).  The  transmission  peak  (Fig.  la)  thus  moves 
towards  resonance.  Increasing  the  transmission  T(a)  and  thus  giving  a  nonlinear  characteristic  (Fig.  lb). 
Ho«fever  the  internal  Intensity  I^nt  related  to  the  'Incident'  intensity  I  by 
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the  response  has  not  been  studied  with  subnanosecond  resolution.  Polydlacethylene  has  a  higher 
should  also  be  subpicosecond.  Reference  4  describes  earlier  studies  with  liquid-crystal  nonlinear 
overlays  and  second  response  times. 

An  attraction  of  using  semiconductor  waveguides  is  the  potential  for  integrating  optical  sources, 
detectors,  and  electrical  components  on  the  same  substrate.  Talk  II  discusses  the  problems  and 
possibilities  in  great  detail  and  concludes  that  semiconductor  waveguide  performance  should  eventually 
be  comparable  to  that  of  LiNb03,  the  standard  material  for  waveguide  devices. 

It  Is  anticipated  that  the  development  of  nonlinear  optical  gulded-wave  devices  for  serial 
processing  will  be  very  rapid,  driven  by  the  great  success  of  optical  fibers  for  long-distance 
communications  and  the  anticipated  demand  for  guided-wave  optical  interconnects  within  electronic 
computers. 

c.  Optics  In  Computers 

The  progression  of  optics  within  digital  computers  is  likely  to  be  guided-wave  Interconnects,  free- 
space  imaging  Interconnects,  special-purpose  optical  processors,  and  finally,  if  ever,  all-optical 
computers. 

Guided-wave  Interconnects  can  use  existing  technology  developed  for  optical  communication  links; 
namely,  sources,  modulators,  optical  fibers,  and  detectors.  Intergration  of  all  needed  components  is 
the  objective  of  much  of  the  current  research  and  development. 

Much  less  developed  or  accepted  is  the  imaging  of  whole  arrays  of  information  from  one  chip  or 
board  to  another.  Spatial  light  modulators  (talk  15)  and  detector  arrays  are  essential  for  the  light- 
electronics  interfaces.  If  nonlinear  arrays  can  be  used  to  reduce  the  data,  then  a  single  detector  or 
fewer-element  detector  arrays  would  suffice.  Imaging  interconnects  would  utilize  the  advantages  of 
light  beams:  massively  parallel,  no  interaction  between  beams  passing  through  each  other,  and  fastest 
propagation  speed,  for  example.  Dynamically  programmable  interconnects  in  which  beams  are  redirected 
during  computation  can  be  conceived  (talk  17),  emphasizing  that  optics  offers  some  unique  possibilities. 

Special-purpose  optical  add-ons  to  electronic  computers  are  already  being  marketed  (Ref.  5).  Some 
operations  that  optics  can  do  better  (quicker,  cheaper,  smaller  space)  are  farmed  out  to  the  optics 
device  and  the  answer  is  fed  back.  The  evolution  of  electronic  computers  is  itself  in  this  direction  of 
parallel  architecture  and  dedicated  subprocessors,  making  the  resistance  to  the  use  of  an  optical 
dedicated  device  much  lower.  The  study  of  computer  architecture  especially  designed  ro  fully  utilize 
the  new  possibilities  with  optics  is  very  Important  (talk  18;  Ref.  6). 

Perhaps  someday  there  may  even  be  an  all-optical  computer.  Talk  14  discusses  this  possibility  with 
considerable  optimism  based  on  several  facts*.  tbe  electronic  computer  is  in  trouble  not  because  of 
switching  speed,  but  because  of  communication  problems;  optics  is  not  starting  from  zero,  since  linear 
operations  such  as  imaging  and  Fourier  transformation  have  been  performed  for  many  years;  photons  cross 
with  no  Interaction  except  for  very  localized  regions  where  "exotic"  nonlinear  material  is  carefully 
placed;  optics  is  naturally  suited  to  massive  parallelism  so  the  optical  logic  components  can  be  far 
inferior  and  still  yield  much  better  systems  performance. 

CONCLUSIONS 

It  is  a  near  certainty  that  optical  circuit  elements  and  devices  will  find  commercial  and  military 
applications  in  an  increasing  number  of  cases.  Serial  data  processing  for  communications  such  as 
telephony,  data  transmissions,  and  connections  between  and  within  computers,  will  surely  result  in 
greater  and  greater  demands  for  high-speed  integrated  source/modulator/flber-lnterface/detector  chips. 
Massively  parallel  systems  utilizing  imaging  and  nonlinear  arrays  will  take  longer  to  develop  but  will 
be  necessary  to  handle  pattern  recognition  or  guidance  decisions  in  real  time.  Whether  or  not  there 
will  ever  be  an  all-optical  computer  seems  rather  Irrelevant,  The  important  point  is  that  optical 
circuitry  certainly  has  contributions  to  make.  Let’s  see  how  well  it  can  do. 

RECOMMENDATIONS  FOR  FUTURE  EFFORTS 

Research  and  development  should  be  directed  toward  the  search  for  better  nonlinear  materials,  the 
optimization  of  the  growth  of  known  materials,  the  optimization  of  nonlinear  devices  (design,  coatings, 
etching,  or  background  losses  may  degrade  performance  well  below  that  predicted  for  the  known 
nonlinearity  in  an  Ideal  device),  improvement  of  light -electronics  Interfaces,  the  construction  and 
testing  of  prototype  systems,  and  the  development  of  new  algorithms  and  architectures  taking  advantage 
of  actual  and  perceived  optical  devices.  The  July  1984  IEEE  Proceedings  Special  Issue  on  Optical 
Computing  (Ref.  7)  is  an  excellent  place  to  find  many  more  details  (see  also  Refs,  8-11). 

Concerted  efforts  such  as  the  European  Joint  Optical  Bistability  effort  or  the  Optical  Circuitry 
Cooperative  at  the  University  of  Arizona  should  accelerate  progress  in  this  field. 
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conduction  band  minimum  occur  at  the  same  position  in  k-space,  generally  at  k 
The  bands  assumed  to  be  isotropic  and  parabolic  can  thus  be  described  by 
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where  rUg  and  m^  are  the  effective  masses  of  conduction  and  valenceband,  respectively.  In 
an  excitation  process  an  electron  is  lifted  from  the  valence  into  the  conduction  band. 

'^he  empty  sta^e  in  the  valen^eband  (^an  be  described  as  a  positively  charged  hole  with 
k^  = -  kg  and  =  -Og  where  k^  and  Oe  ere  the  wavevector  and  the  spin,  respectively  of 
the  electron  removed  from  the  valenceband.  The  electron  and  hole  interact  via  the  Coulomb- 
potential  screened  by  the  dielectric  "constant**  e.  They  form  thus  a  hydrogen  like  series 
of  pair  states,  situated  below  Eg.  The  quanta  of  these  states  are  called  excitons.  The 
descrete  states  can  be  described  in  this  approximation  by 
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nB=  1,2,3  ... 
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with;  :  main  quantum  number  of  the  hydrogen  atom. 


K 


wavevector  of  the  exciton  , 


M  «  m  +  m.  :  effective  translational  mass  of  the  exciton  , 
e  *  h 

Ry  ;  reduced  Rydberg  energy  of  the  exciton  , 
u  *  ^g  ^  reduced  mass  of  the  exciton. 

The  reduced  Rydberg  energy  of  the  exciton  is  given  by  the  one  of  the  H-atom  of  13,6  eV 
modified  according  to  Eq  (3) 


Ry*  =  13,6  eV  ^  (3) 

A 

In  typical  semiconductors  Ry  varies  from  1  meV  to  1oo  meV.  Above  there  follow  the 
continuum  states  of  the  exciton.  The  relation  given  in  Eq  (2)  is  visualized  in  Fig.  1b, 
together  with  the  dispersion  curve  of  photons  (dashed  line)  given  by 

E  =  111.,  =  cfl  K  (4) 


A  plot  of  E  as  function  of  K  is  often  used  since  there  are  conservation  laws  for  both 
quantities.  This  E(K)  plot  is  called  a  dispersion  relation. 


In  many  direct  gap  semiconductors  the  band  to  band  transition  is  dipole-allowed,  re¬ 
sulting  in  a  strong  coupling  between  some  exciton  states  and  photons.  As  a  consequence 
a  mixed  state  of  the  electronic  excitation  i.e.  the  excitons  and  the  electromagnetic 
field  of  the  photons  is  formed.  The  quanta  (or  quasiparticles)  of  this  mixed  state  are 
called  excitonic  polaritons.  The  dispersion  relation  of  these  polaritons  can  be  deduced 
from  the  dielectric  function  c(w,K)  and  the  polariton  equation.  The  contribution  of  a 
single  excitonic  resonance  e.g.  the  n3  =  1  state  to  r.(.j,K)  is  given  by 

.:(w,K)  =  th  (1  +  - - 5-5 - 5 - > 

E(n„  =  1,K)  -  H  01  -  iir  u,  r  (K) 

o 

with  :  background  dielectric  constant,  taking  into  account  the  contribution  of  all 

resonances  with  eigenenergies  above  E(n|j=  1,K), 

f(K)  :  oscillator  strength  of  the  resonance, 
r{K)  :  damping  of  the  resonance. 

The  K-dependences  of  f  and  i'  are  usually  neglected.  The  K-dependence  of  the  eigenenergy 
ECug  =  1,K)  is  known  as  spatial  dispersion.  The  polariton  equation  reads 

L  (  u,  ,  K  )  -  - J  (  6  ) 

Ijj 

Eqs  (5)  and  (6)  are  an  inplicite  presentation  of  the  polariton  dispersion.  It  is  shown 
for  .  =  o  in  Fig.  2a.  The  dispersion  splits  into  a  lower  and  an  upper  polariton  branch. 
The  longitudinal  exciton  branch  is  shown,  too.  The  real  part  of  the  refractive  index 
n(*n;^)  results  from  Fig.  1b  and  2a  simply  as  the  ratio  of  the  polariton  wavevector  and  the 
wavevector  of  photons  in  vacuum 


n{Tl'^)  *^Polariton  '  ^Photon 


If  a  finite  is  included,  the  evaluation  of  Eqs 
part  for  the  upper  and  lower  polariton  branches 
absorption  coefficient  »  centered  in  the  region 
gies. 


(5)  and  (6)  yields  also  an  imaginary 
leading  to  a  peak  in  the  spectrum  of  the 
of  transverse  and  longitudinal  eigenener- 
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Fig.  2:  The  dispersion  of  lower  and  upper  branch  polaritons,  LPB  and  UPB,  respectively. 

The  longitudinal  exciton  branch  is  split  from  the  transverse  eigenenergy  by  the 
longitudinal-transverse  splitting  (a),  the  reflection  spectrum  resulting 

from  the  dispersion  (b)  and  the  energy  dependence  of  the  effective  absorption 
coefficient  »eff  (c) . 

From  the  discussion  above  it  is  obvious,  that  the  optical  properties  in  the  vicinity 
of  the  absorption  edge  are  dominated  by  exciton  effects.  The  real-  and  imaginary  parts 
of  the  dispersion  of  exciton-polaritons  determine  the  real  and  imaginary  parts  of  the  re¬ 
fractive  index  n 

n(ui)=n{w)+i<(ui)  (8) 

On  the  other  hand  n  and  «:  determine  the  reflection-  and  n  in  turn  is  related  for  nonmagne¬ 
tic  materials  to  the  complex  dielectric  function  by 

n^  =  E  (9) 

transmission  spt  .tra  of  a  given  semiconductor  sample.  A  schematic  picture  of  the  polarl- 
ton  dispersion  and  the  resulting  reflection  and  absorption  spectra  is  given  in  Fig.  2. 

The  higher  exciton-states  (see  Eq  (2)  for  n„  ■»  1)  produce  similar  structures,  however 
with  an  oscillatorstrength  decreasing  as 

fna  -  “4  (It.) 

"b 

and  converging  towards  the  continuum  states. 


2.  NONLINEAR  OPTICS 

Th^  relation  between  an  electric  field  E  applied  to  natter  and  the  resulting  polari¬ 
zation  P  of  the  medium  reads 

P  =  (tu)  -  1  )E  (11) 

assuming  plane  harmonic  waves  with  angular  frequency  <1;.  The  dependence  of  r  on  K  (Eq  (5J) 
is  neglected  for  simplicity.  Cq  is^the  permeability  of  vacuum  (Lq  =  8.85»lo^^  ^  .  As 

long  as  t  or  h  are  independent  of  E  one  has  a  linear  response  of  the  polarizatffin  P  to 
the  applied  |ieid.  Correspondingly  one  speaks  about  linear  optics.  At  sufficiently  high 
amplitudes  ;e;  or  intensity  I  of  the  light  field,  f  (i^)  itself  starts  to  depend  on  E. 

This  is  the  field  of  nonlinear  optics.  For  some  recent  reviews  of  nonlinear  optics  see 
e.g.  17-lo).  In  this  chapter  it  will  be  demonstrated  how  nonlinear  optical  phenomena  can 
be  detected  experimentally  and  what  are  the  main  physical  mechanisms  in  direct  gap  semi¬ 
conductors  leading  to  excitation  induced  variations  of  ►  or  h.  The  next  chapter  will  be 
devoted  to  various  possibilities  by  which  these  nonlinearities  may  lead  to  optical  bi¬ 
stability  and  in  the  final  chapter  we  shall  consider  the  logic  connections  which  can  be 
realized  by  optically  bistable  devices.  Though  the  phenomena,  which  will  be  discussed 
below  are  common  to  many  direct  gap  semiconductors,  we  have  selected  preferentially 
examples  for  the  widely  known,  typical  direct  gap  semiconductor  CdS,  belonging  to  the 
family  of  II-VI  compounds.  In  order  to  keep  the  list  of  references  finite,  we  often  refer 
to  review  articles,  which  then  contain  an  exhaustive  list  of  original  publications,  A 
conceptually  simple  and  very  powerful  experimental  technique  to  detect  optical  nonlineari¬ 
ties  is  the  spectroscopy  with  laser  induced  gratings  <LIG)  (8,lo).  Two  monochromatic, 
coherent  and  equally  polarized  laser-beams  of  generally  equal  frequencies  are  brought  to 
spatial  and  temporal  coincidence.  In  the  overlap  area  an  interference  pattern  is  formed, 
i.e.  there  are  planes  of  constructive  interference  (shown  as  dashed  lines  in  Fig.  3) 


Fig.  3:  Schematic  drawing  of  the 
interference  of  two  plane 
( laser- ) light  fields  and  the 
resulting  grating  produced  in 
a  sample 


separated  by  regions  of  destructive  interference,  rf  the  intensity  of  beam  "b"  is 

much  smaller  than  the  resulting  intensity  I  will  just  be  modulated  around  For 

la  =  ^b  ^  will  vary  periodically  in  space  from  4la  to  o  .  If  now  a  sample  is  brought  into 
the  interference  pattern,  the  optical  properties  of  which  depend  on  the  intensity  and 
frequency  of  the  exciting  light  I  and  respectively. 
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a  periodic  modulation  of  n  results.  An  amplitude  or  a  phase  grating  is  formed,  depending 
whether  A<  or  An  is  predominant.  The  grating  has  a  spacing  A  given  by  the  angle  9  between 
the  two  beams  and  their  wavelength  X 


A  = 


2  sin  0/2 


(13) 


The  grating  decays  by  recombination  of  the  excited  carriers  and  by  diffusion  [7].  From 
this  grating  a  further  light  beam  may  be  diffracted.  In  the  simpliest  case  the  laser- 
beams  which  are  creating  the  grating  are  diffracted  themselves  (see  insert  in  Fig,  4a}. 
The  grating  can  be  regarded  as  a  thin  (two-dimensional)  one  for  a  sample  thic)cness  d 
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and  as  a  thick  one,  where  the  diffracted  beams  have  to  fulfill  the  Bragg  condition  for 

2 

d  >>  — (14b) 

In  Fig.  4  we  give  the  intensity  of  the  first  diffracted  order  in  a  CdS  platelet  of  7  urn 
thickness  (11 J.  The  grating  is  produced  by  the  interference  of  two  coherent  dye-laser 
beams  of  about  3  nsec  and  o,o3  meV  temporal  and  spatial  halfwidth,  respectively.  They  are 
produced  by  splitting  the  output  beam  of  an  excimer-laser  pumped  dye-laser  into  two  beams 
of  roughly  equal  intensity  and  by  combining  them  under  an  angle  0  =  1.7°  on  the  sample. 

This  results  in  A  ^  17,9  um  fulfilling  the  condition  for  a  thin  grating. 

Diffracted  orders  could  be  observed  at  values  as  low  as  13-1^=  loo  W/cm^  or 
I3  =  5*10^  W/cm2  and  =  I0  W/cm^.  Easily  several  orders  could  be  detected,  however  with 
rapidly  decreasing  intensities  for  increasing  order  indicating  that  the  spatial  variation 
of  n  is  slightly  deviating  from  a  sinusoidal  one.  Fig.  4a  gives  the  spectral  dependence 
at  first  order  intensity  4oo  W/cm^,  A  LIG  is  formed  only  on  the  flank  of  the  absorption 
edge  around  2.55  eV  (see  also  the  spectrum  without  excitation  in  Fig.  6).  Under  these  exci¬ 
tation  conditions  the  damping  of  the  exciton  increases  with  I  due  to  collision  broadening 
resulting  in  a  modification  of  Eq.  (5)  to 
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Thus  the  LIG  is  in  this  case  a  predominantly  absorptive  one.  For  intensities  around  5  to 
jO  kw/cm^  the  excitation  spectrum  of  the  LIG  has  a  different  shape  (Fig.  4b). It  consists 
of  a  resonance- 1 ike  structure  with  a  dip  in  the  middle.  The  dip  is  situated  at  2.5497  eV, 
which  corresponds  exactly  to  half  the  biexciton  energy  determined  independently  in  [12] 
to  E^lex  "  5.0994  eV.  A  biexciton  is  a  quasipartlcle  consisting  of  two  electrons  and  two 
holes  forming  a  bound  state  with  respect  to  two  free  excitons.  The  dip  in  the  spectrum  of 
Fig.  4b  can  thus  be  attributed  to  a  two  polariton  transition  to  the  biexciton,  which  has 
a  high  oscl 1 latorstrength  [3|.  The  modification  of  n  caused  by  that  two  polariton  transi¬ 
tion  can  be  understood  qualitatively  in  the  following  way:  If  light  with  energy  fl-exc 
sent  onto  a  sample,  polaritons  of  this  frequency  are  created  in  the  sample.  In  this  case 
polaritons  of  energy  fl  ■  abs  ”  ^biex  '  ^"exc  absorbed,  converting  the  polaritons  into 


F’iq.  4:  The  intensity  of  the  first 
diffracted  order  1  from  a 
laser  induced  cjratinq  ;n 
CdS  as  a  function  of  the 
laser  photon  eneray  fjr 
three  di f fcrent  excitat ion 
intensities.  Ipj^^p  -  O'-  O- 


biexcitons.  As  a  consequence,  illumination  of  the  sample  with  light  of  frequency 
causes  an  absorption  dip  at  Ti.-abs.  The  oscillatorstrongth  of  this  excitation  induced  ab¬ 
sorption  is  proportional  to  the  density  of  polaritons  at  Ti,Jexc  thus  depends  on  I.  Due 

to  Kramers-Kronig  relations,  the  absorption  dip  is  connected  with  a  resonance-like  struc¬ 
ture  of  the  real  part  of  the  refractive  index.  :i  the  dielectric  function  this  additional 
resonance  can  be  described  in  the  simpliest  appro, Imation  by 
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For  more  detailed  theoretical  investigations  of  this  problem  see  e.g.  (3,9,131  and  the 
literature  given  therein.  In  the  experiment  described  here,  the  laser  is  scanned  over  the 
anomaly  it  produces  itself.  The  LI^  is  partly  a  dispersive,  partly  an  absorptive  one,  de¬ 
pending  on  the  distance  -  Ebiex'^^l*  efficiency  of  the  grating  is  rouqhly  pro¬ 
portional  to  la  •  Ijj,  In  some  experiments  and  has  been  kept  constant,  while  1^,  was  ^ 

varied  from  far  1^  ''''  la  ^  ^a*  ^  gives  results  of  such  experiment, 

and  tl-gxc  ”  2,55o5  eV  have  been  chosen.  The  intensities  of  the  beams  +o,  -o,  +1  and  -1  are 
plotted  as  a  function  of  Beam  +o  is  mainly  the  transmitted  beam  I+o  remains  con¬ 

stant  with  a  small  decrease  at  the  highest  values  of  due  to  induced  absorption  and 
diffraction,  I_q  is  the  transmitted  beam  1^  with  the  admixture  of  the  first  diffracted 
order  of  I^.  increases  linearly  with  also  with  some  saturation  at  the  highest  inten¬ 

sities.  The  beam  I4.1  is  a  superposition  of  the  first  diffracted  order  of  and  the  second 
diffracted  order  of  Since  the  intensities  are  decreasing  rapidly  with  increasing  order, 

I+l  can  be  considered  as  mainly  the  first  diffracted  order  of  1^.  Since  is  kept  constant, 

I+T  gives  the  efficiency  g  of  the  grating  wlilch  Increases  linearly  with  as  long  as 
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Analoquous  is  mainly  the  first  diffracted  order  of  resulting  in  Eq,  (17)  since 

is  varied: 


The  experimentally  observed  sl.jpe  of  2,}  in  the  logarithmis  plot  is  in  close  agreement 
With  Eq.  (17),  The  decrease  of  all  curves  for  the  highest  values  of  1^,  is  due  to  the  in¬ 
crease  of  induced  absorption. 

At  still  higher  excitation  intensities  around  tr-fl^/cm^  the  excitation  spectrum  of 
LIG  is  shifted  even  further  to  the  red  and  is  rather  broad  and  unstructured.  The  small  dip 
around  2,543  eV  is  just  due  to  the  Fabry-Perot  modestructure  of  the  platelet  type  sample. 

At  these  excitation  conditions,  the  LIG  is  due  to  the  formation  of  an  electron-hole  plasma 
(EHP).  Its  properties  shall  be  shortly  outlined  here:  If  electron-hole  pairs  are  excited 
in  a  semiconductor  at  Low  density  and  temperature,  they  will  form  excitons.  If  the  genera¬ 
tion  rate  is  increased,  the  density  of  excitons  may  become  so  high,  that  their  mean  dis¬ 
tance  is  comparable  to  their  Bohr-radius.  In  this  case  excitons  are  no  longer  individual 
quasiparticles.  The  exciton  concept  breaks  down  and  a  new  collective  phase  is  formed,  the 
EHP.  This  transition  from  an  insulating  exciton  phase  to  a  metallic  plasma  phase  is  re¬ 
ferred  to  as  Mott  transition. 

This  phase  transition  has  distinct  consequences  for  the  bandstructure ,  It  has  been 
found  both  theoretically  and  experimentally  (3,13,14-16)  that  the  width  of  the  forbidden  gap 
is  a  monotoneously  decreasing  function  of  the  electron-hole  pair  density  in  the  plasma  n  . 
The  chemical  potential  u  of  the  plasma  (i,e.  the  energetic  distance  between  the  quasi-  ^ 
Fermi  levels  of  electrons  and  holes)  strongly  depends  on  both  np  and  the  plasma  tempera¬ 
ture  Tp.  The  analysis  of  the  functions  EA(np)  and  u(np,Tp)  shows  that  there  is  a  first 
order  phase-transition  from  a  low  density  exciton  gas  to  a  plasma  liquid  under  quasiequi¬ 
librium  conditions  below  a  critical  temperature  Tq  in  close  analogy  to  a  real  gas.  In  in¬ 
direct  gap  semiconductors  like  Ge  or  Si  this  phase  transition  has  nicely  been  observed  (17J. 
In  direct  gap  materials  like  CdS  the  EHP  does  not  reach  its  liquid-like  state  due  to  the 
short  carrier  lifetime  (16). 

A  drastic  variation  of  the  optical  properties  is  connected  with  the  formation  of  an 
EHP.  The  exciton-resonance  disappears  from  the  reflection  and  transmission  spectra 
[3,16,18],  At  low  temperatures  u(Tp,np)  may  become  larger  than  Eg{np),  As  a  consequence, 
the  sample  is  strongly  absorbing  due  to  band  to  band  transitions  above  u  but  between  y 
and  Eg  there  is  optical  amplification  of  light  i.e.  gain  due  to  the  population  inversion. 
Below  Eg  the  sample  is  simply  transparent  (3,13,14,16,18],  These  variations  cannot  be 
simply  described  by  adding  a  term  to  the  dielectric  function.  They  need  a  more  sophisti¬ 
cated  theoretical  treatment,  which  is  beyond  the  scope  of  this  review.  The  reader  is  re¬ 
ferred  e.g.  to  [9,13]  and  the  literature  cited  therein.  The  best  experimental  technique 
to  observe  the  above  mentioned  changes  of  the  optical  spectra  is  the  excite  and  probe 
technique.  This  is  the  second  widely  used  possibility  to  detect  optical  nonlinearities, 
which  will  be  described  here:  A  weak,  spectrally  broad  probebeam  is  sent  onto  the  sample 
and  the  transmission-  or  reflection  spectrum  is  measured  once  without  and  one  with 
simultaneous  illumination  of  the  sample  by  an  intense,  spectrally  narrow  excitation  pulse. 
The  change  of  the  reflection-  and  transmission  spectra  can  be  evaluated  and  the  varia¬ 
tions  of  the  optical  properties  can  be  deduced.  Recently  this  method  has  been  improved 
to  allow  also  spatially  and/or  temporally  resolved  investigations  [18], 

Fig.  6  gives  an  example,  where  the  above  mentioned  variations  of  the  optical  properties 
connected  with  an  EHP  can  be  seen.  The  spectrum  without  additional  excitation  shows  the 
absorptionband  due  to  the  nn  =  1  exciton  state  around  2.552  eV,  The  modulation  of 

the  spectrum  results  from  the  Fabry-Perot  interferences  In  the  platelet  type  sample. 

The  quantitative  analysis  of  the  maxima  and  minima  gives  the  real  part  of  the  refractive 
index  no(u.)(see  Fig.  7b),  the  transmission  spectrum  itself  the  absorption  coefficient  i 
connected  with  «;  by 
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Fig.  6:  Transmission  spectrum  of  a  2.5  im  thick  CdS  platelet  without  excitation  and  with 
additional  excitation. 


The  reflection  spectrum  which  is  not  shown  here  exhibits  the  excitonic  reflection-structure 
around  2.552  eV  (see  e.g.  116,18)).  The  second  spectrum  in  Fig.  6  shows  the  transmission, 
while  the  sample  is  excited  with  a  laserpulse  of  I  =  5  MW/cm^  and  ’hwexc  =  2.546  eV.  One 
finds  optical  amplification  at  photon  energies  below  2.54  eV  and  the  onset  of  absorption 
above,  resulting  in  u  =  2.54  eV.  The  exci ton-resonance  disappears  both  from  the  trans¬ 
mission  spectrum  (Fig.  6)  and  the  reflection  spectrum  [3,16,18).  The  evaluation  of  these 
data  yields  i  i  (Tiuj,  D-  The  blue  shift  of  the  Fabry-Perot  modes  Indicates  a 

An(w,Igjjj.,Tiujexc)  ^  °  (19).  The  data  in  Fig.  6  allow  to  determine  the  variation  of  n  and  i 
in  the  spectral  region  around  the  exciton  resonance  for  a  given  Tioig^c  lexc-  extra¬ 
polating  Tiw  ->  Tiuiexc  the  variations  at  the  position  of  the  laser  itself  can  be  deduced.  If 
^■^exc  is  varied,  one  gets  AnlTlui  =  Tlwgxo  Iexc>  AnCnw  =  ^exc*  l2o). 

Corresponding  results  are  shown  in  Fig.  7a  and  c.  The  absorption  '.ncreases  below  the  free 
exciton  resonance  down  to  values  of  Tiwexc  around  2.54  eV.  The  refraction  index  decreases 
below  2.54  eV  because  of  the  disappearance  of  the  exciton  resonance,  however  with  the  onset 
of  a  resonance-like  structure  around  2.54  eV  i.e.  in  the  vicinity  of  the  onset  of  ab¬ 
sorption.  More  details  of  these  types  of  experiments,  which  also  agree  with  results  from 
gain-  and  reflection  excitation-spectroscopy  116),  will  be  published  elsewhere.  A  compari¬ 
son  of  Fig.  4c  and  Fig.  i.c  finally  reveals,  that  the  LIG  is  under  these  excitation  con¬ 
ditions  connected  with  i:.u  formation  of  an  EHP.  For  photon  energies  above  2.54  eV  the 
grating  is  predominantly  an  absorptive  one,  and  a  dispersive  one  below.  The  main  plasma- 
parameters  deduced  for  CdS  by  various  experiments  are  (19,20,21)  for  a  lattice  temperature 
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To  conclude  this  section,  we  may  state,  that  there  exist  numerous  processes  in  semicon¬ 
ductors  which  may  lead  to  excitation  induced  variations  of  the  optical  properties.  In  the 
next  chapter  it  will  be  shorn,  how  these  nonlinearities  can  be  used  for  the  realization 
of  optical  bistability. 


3.  OPTICAL  BISTABILITY 

An  optically  bistable  device  has  two  reversible,  stable  states  of  high  and  low  trans¬ 
mission  or  reflection,  the  existence  of  which  depends  on  the  history.  In  semiconductors, 
there  are  two  types  of  optical  bistability  (OB)  which  ma)ce  use  of  the  feedback  in  a  Fabry- 
Perot  cavity  (FP).  This  cavity  Is  usually  formed  from  the  uncoated  or  coated  surfaces  of 
the  semiconductor  sample  itself.  The  dispersive  OB  depends  on  the  variation  of  the  real 
part  of  the  refractive  index  ^exc^  semiconductor  In  the  resonator.  Fig.  8 
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Fig.  7  :  The  absorption  coefficient  of 
a  highly  excited  CdS  sample  at 
the  photon  energy  li^exc 
exciting  laser  (a),  the  spec¬ 
trum  of  the  real  part  of  the 
refractive  index  of  an  un¬ 
excited  sample  and  its 

variation  under  strong  exci¬ 
tation  (c)  . 


schematically  shows  the  transmission  of  a  lossless  FP  as  a  function  of  the  phase-shift  6 
of  one  round  trip 

S  =  d  ^exc^ '^vac  (19) 

For  constructive  interference  of  the  partial  waves,  reflected  from  the  back  and  front  sur¬ 
faces  (i.e.  '5  =  m  •  2’t;  m  =  o, 1,2,3..)  a  rather  high  amplitude  builds  up  in  the  resonator, 
resulting  in  high  transmission  and  low  reflection.  For  5  =  {2m  +  1)Tr;  (m  =  0,7,2..)  the 
interference  in  the  FP  is  mainly  destructive,  the  field  amplitude  in  the  resonator  is 
small.,  yielding  low  transmission  and  high  reflection.  We  assume  now  that  a  light  beam  of 
temporally  increasing  intensity  is  sent  onto  the  sample,  with  a  wavelength  fulfilling  the 
condition  for  a  minimum  in  the  transmission  of  the  FP  (point  A  in  Fig.  6,9).  With  in¬ 
creasing  incident  intensity  only  a  small  fraction  of  h  is  transmitted  (Fig.  9).  At  a  cer¬ 
tain  value  of  Io(t),  the  Intensity  in  the  resonator  is  sufficiently  high  as  to  alter  n. 
Consequently  *.  is  changing  (Eg.  (19)),  the  interference  in  the  FP  is  getting  more  con¬ 
structive  and  one  moves  towards  point  B.  Beyond  B  in  the  cavity  a  positive  feedback  sets 
in,  between  the  light  intensity  in  the  FP  and  the  change  of  n.  This  gives  rise  to  a  jump 
from  point  B  to  rather  high  transmission  (point  C  in  Fig.  8,9).  A  further  increase  of 
lQ{t)  shifts  the  "working  point"  in  the  FP  towards  the  next  minimum.  If  Io(t)  is  now  in¬ 
creased,  one  moves  back  to  point  C.  At  further  decrease  of  lQ(t)  the  increasing  construc¬ 
tive  interference  in  the  cavity  maintains  the  high  transmission  level.  One  continues 
smoothly  towards  D  and  only  from  there  the  transition  occurs  to  the  low-transmission  state 
again.  As  a  consequence,  one  gets  a  hysteresis- loop,  which  is  revolved  counter  clockwise 
(Fig.  9),  For  a  certain  range  of  Iq  one  hase  two  stable  states,  one  of  low  and  one  of  high 
transmission.  The  first  occurs  if  one  comes  from  low  values  of  Iq,  the  latter  if  one 
approaches  the  bistable  region  from  the  high  intensity  side.  Since  we  assumed  a  lossless 
FP,  the  intensity  of  the  reflected  beam  exhibits  just  the  opposite  behaviour. 

A  similar  hysteresis-loop  as  shown  in  Fig.  9  can  also  be  obtained  in  transmission  from  a 
FP  filled  with  an  absorbing  material  (ix“Wd)  the  absorption  of  which  is  bleached  at  hi.gh 
levels  of  the  light  intensities.  In  this  case  'vac^°^  ^'*‘exc)  selected  in  a  way,  that 
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Fill,  tf:  Schenatic  reprosentation  of 
the  transmission  1  through 
a  Fabry  Perot  resonator  as 
a  function  of  the  phaseshift 
of  one  round  trip.  The 
points  A  to  D  explain  the 
appearance  of  dispersive 
critical  bistability. 


Fig.  9:  The  hysteresis  loop  connec¬ 
ted  with  dispersive  opti¬ 
cal  bistability. 


constructive  interference  would  occur,  if  the  sample  would  be  transparent,  [because  of  the 
absorption  no  standing  wave  pattern  is  formed  in  the  FP .  With  increasing  Iq  i  decreases, 
constructive  interference  becomes  possible,  the  light  intensity  in  the  FP  increases  even 
more  resulting  in  further  bleading  of  t.  As  a  conse<juence  of  this  positive  feedback  unt* 
gets  again  a  step  from  low  to  high  transmission.  With  decreasing  the  constructive  inter¬ 
ference  in  the  FF  keeps  i  at  low  values  down  to  a  certain  critical  value  of  the  incident 
intensity  which  is  below  the  one  necessary  for  the  onset  of  bleading.  Again  a  OH  and  a 
hysteresis  like  in  Fig.  9  are  observed  in  transmission.  For  more  detailed  theoretical  in¬ 
vestigation  about  these  types  of  OB  the  reader  is  referred  e.g,  to  the  proceedings  of  tliree 
recent  meetings  on  this  subject  [22-24],  Experimentally,  dispersive  OD  partly  connected 
with  a  decrease  of  t  at  has  been  found  e.g.  in  InSb,  GaAs  and  InAs  [8,22-27].  Dis¬ 

persive  OB  connected  with  the  transition  to  the  biexciton  has  been  predicted  by  (8,28)  and 
observed  in  (29).  First  indications  of  a  dispersive  bistability  in  CdS  have  been  reported 
in  [21, 3o]  for  photon-energies  just  below  2.54  eV  (see  Fig.  7c).  Experiments  with  improved 
teu'.poral  resolution  (see  below)  confirm  this  phenomenon.  A  typical  hysteresis  loop  is 
shown  in  Fig.  lo.  Optical  hysteresis  in  connection  with  nonlinear  frequency  miximi  in  Cd.S 
has  been  reported  in  [31]. 

In  the  following  a  type  of  OB  is  presented,  which  is  connected  with  an  increase  of 
the  absorption  coefficient  with  increasing  excitation.  This  idea  has  been  presented  to¬ 
gether  with  experimental  data  to  our  knowledge  for  the  first  time  by  two  of  the  authors 
(K.B.  and  C.K.)  at  the  spring  meeting  of  the  German  Physical  Society  in  March  1983  and 
has  subsequently  been  published  in  [3o],  Later  on,  detailed  theoretical  investigation  have 
been  performed  [32,33,34],  the  temporal  r#^solution  of  the  experimental  setup  has  been  im¬ 
proved  [2o,21]  and  it  has  been  shown  that  this  process  is  of  rather  general  nature  [35]. 

We  shall  give  here  a  qualitative  description,  using  the  transition  from  a  low  density 
exciton  gas  to  the  EHP;  The  photon  energy  of  the  laser  is  chosen  to  be  situated  spectrally 
in  a  region,  where  the  sample  is  rather  transparent  at  low  excitation  and  becomes  ab¬ 
sorbing  at  high  excitation.  According  to  Figs.  6  and  7a  this  is  e.g.  the  region  between 
2.54  eV  and  the  free  exciton  absorption  around  2.552  eV.  For  weak  incident  intensities 
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Fig.  lo:  Measured 

hysteresis 
loop  of  the 
dispersive 
optical  bi¬ 
stability  in 
CdS  . 


the  sample  is  transparent.  With  increasing  incident  intensity  electron-hole  pairs  are 
created  either  due  to  two-photon  absorption  or  due  to  one  photon  absorption  in  the  tail 
of  the  absorption  edge  [21 U  If  the  density  of  carriers  increases,  the  absorption  edge  is 
shifting  to  lower  photon  energies  e.g.  due  to  the  renormalization  of  the  gap  connected 
with  the  formation  of  an  EHP,  Fig.  7  and  the  sample  becomes  opaque  (Fig.  11).  A  further 
increase  of  lexc  the  sample  in  the  state  of  low  transmission,  except  that  the 

density  and  thus  the  chemical  potential  of  the  plasma  are  raised  to  '.i(np,Tp)  =  In 

this  case  the  sample  becomes  transparent  again  (dashed  line  in  Fig.  11)  ana  phenomena 
like  self-pulsation  of  the  transmitted  light  may  occur.  If  the  sample  is  in  the  state  of 
strong  absorption,  the  excitation  intensity  may  be  lowered  to  values  which  are  far  below 
those  necessary  for  the  switch  down  and  the  sample  still  remains  opaque,  because  the  EH? 
is  now  pumped  very  efficient  by  strong  one  photon  excitation.  If  the  excitation  level  is 
reduced  even  so  far  that  this  process  is  no  more  sufficient  to  sustain  the  plasma,  the 
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Fig.  11:  Schematic  drawing  of  the 
hysteres is- loop  connected 
with  an  absorptive  optical 
bistabi lity . 
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Fig.  12:  Observed  temporal  evolution  of  the  incident  and  the  pulse  transmitted  through 
a  thin  CdS  sample  (a)  and  the  resulting  hysteresis  loop  (b) . 


carriers  recombine,  the  absorption  edge  shifts  again  to  higher  photonenergies  and  the  sample 
becomes  transparent  again.  As  a  consequence  one  expects  a  hysteresis  loop  in  the  trans¬ 
mission,  which  is  revolved  clockwise  in  contrast  to  the  dispersive  one.  Fig.  12  gives  ex¬ 
perimental  results  for  CdS.  The  pulses  of  an  excimer-laser  pumped  dye-laser  are  registered 
before  and  after  the  transmission  through  a  CdS-sample  with  a  streak-camera  coupled  to  an 
optical  multichannel  analyzer.  The  incident  laser  passes  over  a  grating  in  order  to  re¬ 
move  the  super-radiant  background  emission  from  the  dye-laser.  The  transmitted  pulse  passes 
also  through  a  spectrometer  to  suppress  contributions  from  the  luminescence ,  The  switching 
down  is  directly  seen.  The  analysis  of  the  switch-down  time  from  single  shot  experiments 
gave  values  of  about  65  psec.  The  recovery  time  it  takes  the  sample  to  get  transparent 
again  seems  to  be  considerably  longer.  In  agreement  with  Fig,  7  this  OB  can  be  observed 
down  to  plioton  energies  of  about  2.54  eV  (3o].  We  call  this  OB  an  intrinsic  one  because  it 
needs  no  external  feedback  from  a  FP .  The  feedback  occurs  in  the  electronic  system  itself. 
The  increase  of  causes  an  increase  of  the  absorption  via  band  renormalization  effects. 

It  should  be  noted,  that  this  OB  connected  with  the  increase  of  absorption  does  not  only 
work  in  connection  with  an  EHP ,  An  increase  of  the  lattice  temperature  with  excitation, 
which  in  turn  causes  a  red-shift  of  the  absorptionspectrum,  works  equally  well.  This  lias 
been  demonstrated  with  multiple  quantum  well  structures  (35),  and  with  a  bound  exciton 
absorption  line  in  CdS  [36],  The  OB  produced  by  an  increase  of  the  absorption  is  easier  to 
handle  than  those  involving  a  FP :  The  demands  to  the  monochromacy  and  coherence  length  of 
the  light  and  to  the  flatness  and  parallelism  of  the  sample  surfaces  are  much  lower.  CdS 
nas  so  far  a  unique  position  as  several  different  types  of  OB  have  been  found  in  this 
material,  namely  the  OB  connected  with  degenerate  wave  mixing  [31]  the  dispersive  and  ab¬ 
sorptive  OB  connected  with  the  formation  of  a  EHP  [3ol,  and  the  absorptive  one  connected 
with  lattice  heating  and  a  shift  of  a  bound  exciton  absorption  line  [36]. 


4.  LOGIC  ELEMENTS  IN  SEMICONDUCTORS  REALIZED  BY  OPTICAL  BISTABILITY 

The  investigation  of  OB  is  of  considerable  interest  from  various  reasons.  From  the 
viewpoint  of  fundamental  research  OB  allows  e.g.  to  study  nonlinear  dynamics  of  the  elec¬ 
tronic  system  of  semiconductors  and  phase  transitions  far  away  from  equilibrium  states. 
Concerning  applied  research,  one  has  realized  that  OB-devices  exhibit  character! stica  in 
the  transmission  and/or  reflection  of  light  beams,  which  are  almost  identical  to  those  of 
the  components  of  presently  used  computers  with  respect  to  the  electric  current.  This  will 
be  shown  in  the  following  (see  also  [37]  ). 

Every  optically  bistable  device  may  be  considered  as  an  optical  memory.  The  states  of 
low  and  high  transmittivity  (or  reflectivity)  can  be  identified  with  the  logical  zero  and 
one.  If  the  device  is  in  one  stable  state,  it  may  be  brought  to  the  other  by  temporarily 
increasing  or  decreasing  the  incident  intensity.  (Fig.  13a,  b) . 

If  the  bistable  device  is  constructed  in  a  way  that  the  width  of  the  hysteresis-loop 
is  made  small,  it  can  be  used  as  logic  gate.  A  curve  like  the  one  shown  in  Fig.  13c,  which 
is  characteristic  for  dispersive  OB  or  bleaching  of  absorption  in  a  FP  (see  above),  acts 
as  a  AND-gate  if  the  switching  point  is  situated  between  once  and  twice  the  intensity  de¬ 
fining  the  logic  one  (Fig.  13d).  If  the  switching  occurs  between  intensifies  representing 
the  upper  limit  for  zero  and  the  lower  limit  for  one  one  has  a  OR-gate.  (Fig.  13c).  Trans¬ 
mission  characteristics  which  are  due  to  a  dispersive  OB  in  reflection  or  the  absorptive 
bistibility  discussed  above  can  be  regarded  as  an  inverter  or  NOT-gate,  because  they  have 
high  transmittivity  at  low  inciaent  intensities  and  low  'transmittivity  at  high  intensities. 
Fig.  13  e+f.  The  diffracted  orders  ll,  ^2  ...  from  a  LIG  also  are  forming  an  AND-gate. 

They  occur  only  if  the  beams  "a"  and  “b"  are  falling  simultaneously  onto  the  sample.  Some 
of  the  diffracted  beams  of  a  LIG  are  phase-conjugate  with  respect  to  one  of  the  incident 
beams.  This  phenomenon  gives  very  powerful  possibilities  of  wavefront  reconstruction.  This 
aspect  is  however  beyond  the  scope  of  this  article.  The  reader  is  referred  e.g.  to  [loj 
and  the  references  therein. 

Memories,  and  the  three  different  gates  mentioned  above  are  the  basic  constituents 
necessary  to  construct  a  computer.  Since  all  of  these  functions  can  be  realized  optically 
there  is  a  lot  of  speculation  and  enthusiasm  about  all  optical  computers,  handling  data 
as  light  pulses  and  not  as  electric  current  or  voltage  signals.  Since  some  of  the  non¬ 
linear  phenomena  presented  in  chapter  two  may  have  time  constants  of  the  order  of  1o~^^sec 
(e.g,  a  virtual  creation  of  biexcitons  (28J  such  optical  computers  would  be  much  faster 
than  even  the  best  presently  available  electronic  ones,  with  time-constants  around  1o”^sec. 
Parallel  processing  would  be  another  advantage  of  such  optical  systems.  Since  light  beams 
can  principally  be  focussed  down  to  a  spot  of  a  diameter  roughly  egual  to  the  wavelength, 
i.e.  to  about  1 um^  a  chip  of  1  cm^  allows  to  handle  in  parallel  1o®  beams.  With  a  pro¬ 
cessing  time  constant  of  1o"^1sec  this  would  result  in  operations  per  cm^  and  sec. 

Low  switching  energies  down  to  1o"13  Ws/um^  have  been  reported  [35],  Finally  it  should  be 
mentioned  that  one  sample  may  simultaneously  used  for  various  logic  connections. 

Though  these  properties  are  fascinating  and  promisslng  for  future  technical  appli¬ 
cations  there  are  still  many  difficulties  to  overcome  before  the  first  all  optical  com¬ 
puter  works.  Some  of  them  are  the  following:  The  OB  devices  with  low  switching  energies 
which  easily  allow  CW  operation  are  generally  rather  slow  with  switching  times  in  the 
range  from  tens  of  nsec  to  msec  [35,36] .  This  is  trivial  for  all  mechanisms  which  depend 
on  thermal  effects.  Electronic  excitations  in  narrow  gap  semiconductors  like  InSb,  InAs, 
GaAs  or  CdHgTe  have  long  lifetimes  due  the  decrease  of  the  recombination  probability  with 
transition  energy.  There  are  hopes  to  reduce  the  lifetime  by  heavy  doping,  but  it  is  not 
yet  clear,  how  this  will  influence  the  nonlinear  properties. 
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ji'.'or.  a  ru'*’-  physical  i  r;  t  erpre  tat  ion  ThiC*  ^  ’  responsible  tor  bistability  also  induces  four-wave 

rr.ixir;;,  r*  rh.-.t  i  ''mar;al’'  f  i  e  hi  rltokes-sh  i  f  t  ed  from  a  stronq  pump  field  will  experience  parametri''  gain 
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r  jv  'crab  le  case  has  bi.;th.  ot.'-kes  an<.l  anti-otokes  fields  cavity  resonant;  the  nice  thing  about  the-  present 
ty|e  r  ru.  r.I  iroar-mixinn  is  that  such  a  dcible  resonance  can  be  guaranteed,  due  to  the  nonlinerr  index 
.-hiirt;  as  jM.miif-.  inter.sity  is  increased,  the  "dressed"  cavity  modes  "transphase"  in  frequency  until 

tr.y  str.ii..ilr  tf.e  p'iirit  frequency  'diq.  1).  Tliis  is  the  dout'le  resonance  position  and  if  the  qain  exceetls 
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'Ihiis  1 ;  ^cuss  1  rn  i.^s  iiiiore-:  the  necessarily  finite  f'andwidth  of  the  nonlinear  response:  clearly  if 
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width  • be  C'f  rdf-r  as  is  p>f2S!>ible  in  -lases. 

ch:t'  tic  regimr-  occurs  wht*n  the  parametric  four-wave  qain  qets  too  far  above  threshold:  this 

ir;  rv  '.'on^r'  lU-i  by  appropriate  choice  of  cavity  par.ameters. 

A?';  H  fin.il  r'Tt.jrk  or;  mc-i«'*l,  n-.:-te  th.,at  \*  is  couched  in  suc.h  general  tentiS  t.hat  v.ne  can  expect 

i  hiv:,..ru  r;  i  f  rfi-.  tyre  in  .•>  wile  variety  of  5ys*-or.s:  -at  least  four  have  been  demchstrated  to  date 


'rur  f-r  i  r  i  nq- ■:  -jv  1 1  y  witn  B  -  .u8,  -  2.d.  .F./  ranges  from  I'ero  tc  just  beb.'w 

*  hr ‘-sh-:!  1 ,  B  i rhv  imp  1 1  tude  feedback  factor  of  thr-  cavity  and  ;  ^he  mis- 


Wb.iip  rir,i}  cavitv  uys*eir.‘^  may  be  easily  -malysod,  involving  ciiiy  uni  di  roct  icna  1  r  ru'paca  t  J  o/, ,  r  h‘vy 
■  '  re. Illy  f-.lfii  pratica’.  r  e-p;  5  rement  s  of  v-mpact  vlesiqn  and  ease  cf  op'eration  necessary  tor  devw* 

u;  'li-'i'-;  r.s.  - 'ur  recent  experimental  i  nvest  igat  1  ■'•■n.s  have  therefore  b'een  directed  to-  Fabry-Pero't  system;' 
;•  wh  •.  h,  IS  we  have  previously  predicted  1  *)  periorl-Iout  1  ina  cascades  to  chaos  may  be  'generated.  A 
*•  /p  i  « i  1  af '  r  I  ♦  ry  a  r  r  angeinent  is  lilustrate'f  in  Fig.  ?.  The  "  ivi  ty  cornpr  Ises  si  nq  1  e  surface  p^a  r  1 1  a  1  1  y 
•  r  i';  i '■  r  lermaruim  ptics  suitably  co.ated  f.,-.r  1"  um  C'e.  laser  radiation,  one  provided  with  pieri.- 

.•lo  ►fi  inirvi  P/'T’  fe-r  fine  t-avlr%-  length  C'-.nrrr-l,  Hesonati-r  lengths  wer»»  varied  from  -  3'’  'T?;. 

The  inp^'q  tn'!  ''utp'u»-  signals  were  monitored  by  photon  drag  detectors  and  a  Tektronix  7l('4  osci  1 1  o.scop.p , 


OPTICAL  MODULATORS  AND  BISTABLE  DEVICES  USING  MOLBCUIAR  GASES 


R.G.  Harrison,  W.J.  Firth,  I. A.  Al-Saidi  and  E.  Cummins 
Depart-ment  of  Physics,  Heriot-Watt  University,  Riccarton,  Edinburgh  EH14  4AS ,  U.K. 


Summary 

We  have  predicted  that  so-called  'bistable'  nonlinear  Fabry-Perot  resonators  can  actually  exhibit  a 
rich  variety  of  instabilities;  in  particular  the  resonator  can  convert  a  steady  input  field  int^..  a:; 
oscillatory  or  even  chaotic  output  field.  Oscillation  itself  leads  to  a  passive  all  optical  laser 
modulator  device  tunable  in  frequeticy  In  the  ranqe  1  GHz  with  anticipated  applications  in  cptoel<-ct  ronics 
and  r  e  1  ecommunicat  iuns .  The  unique  advantages  of  molecular  gases  as  nonlinear  media  in  these  syst(-r-,s  h.as 
been  utilised,  in  successfully  demonstrating  these  effects  using  pulsed  C0;>  laser  radiation,  the  Its  of 
whu.'h  art-  in  excellent  acccrii  with  thet^ry,  analysis  also  showing  that  prospects  for  cw  operation  are 
prom i sing . 


r r, t  f'  d'.jct  1  •  f. 

In  natiy  opM'.:aI  rrocessinq  systems  there  is  a  need  for  amplitude-  or  f reguency-tr.odulation  of  optical 
b^.aiLs .  Present  Ly-avai  lable  schemes  may  be  active,  directly  modulating  the  laser  '.utput,  or  passive,  ta'Kiru: 
1  cw  laser  bean  and  applyinu,  e.g.,  oiectro-oftic  or  acousto- optic  modulation  tc  it.  In  this  faper  we 
a  new  pd.s.sive  modulation  technique  based  on  nonlinear  refractive  index  effects,  which  has 
pott'nt  ial  ly  siar.l  f  icarit  adv.ar.t.ages  ever  other  techniques,  and  we  present  some  exporimental  demonstrations 
•  f  '•he  f'T  i  r;t  iple .  TTie  f  reposed  device  could  amplitude-modulate  smooth  pulses  at  tunable  frequenoit^s  in 
'fe-  ranjc  '  I  GHz.  It  would  be  passive;  it  could  modulate  any  laser  for  which  a  suitabit-  mediur.  cculd 
be  tc  .nd;  and  it  could  transfer  modulaticn  from  one  laser  to  another  as  a  dy^namic  "transphasor"  (Ij, 

Apj  1  Lcat  Ions  alre^ady  exist  for  such  a  device  in  "sideband  spectroscopy"  and  wo  anticipate  ,.ippl  icat i e  ns  in 
'  f'toeloctronics  and  telecommunications. 


This  possibility  arises  as  a  by-f>roduct  of  substantial  effort  ever  the  last  few  years  on  f^eried- 
louLiinq  cascades  tc  chaotic  behaviour  (1,2, 3, 4)  in  optically  Lisrat'le  systems.  Ikeda  (2;  showed  in  If"' 
Muit  an  optiCr  Ily  bistaf'le  ring  resoi-.ator  containing  a  twc-le\-v-]  .system  can  show  a  fieriod-doui.  1  i  nr:  ca.vcadf, 
■1  sufficiently  stroru:  cw  inr-t  team  yielding  an  output,  csciiiatjng  at  twice  the  resonator  rcun>i  trip  f  i 
*’p.  C'n  further  increasing  th*-  i  r-.put  field  the  output  f-erlrMl  dcubles  to  chaos. 

While  the  rdi  e’ s  itself  has  few  "bA'ic'.Js  appl  icatii'ns,  it  is  impcrfar;t  both  in  ':.c'r;f  i  m.inq  t.he  fhyslc.i] 
m'-.- i  i> '  1  and  .as  "t  rci^imp  ''f  ;■  p«-rar  i  .•  n  t'  be  ivcide-i.  j_i-.  f.-ict,  as  will  en.erg“  below,  it  is  pi.'Ssil  it',  by 
a::  •  'Th'  ic*.  '■*.  p;ir.i;::t'ters ,  • 'sr- j  i  1  .it  -  ver  chacs. 


?•  i  :;t  1 '  V  Jr>{  «■  n  ;«-r.t rot  rac*  i-'-f.,  wl-.ich  lies  beb.md  tb.e  j-redictc-d  phc-norr.er.a ,  first  upj-.-.i:s 

.  lb;*'  nr  r.  1 1  1 'y  .-.if.  be  n-  t;- r  os<' r./mt ,  in  w'r.irii  cas«;-  it  will  be  fast  i:  r  1  j-.f- :  l.nr  Wf.i'*; ; 

•  \  i  r'tdi'z:  ind  hish-t-w-r  j.iser  is  then  i  ndir-.t ' ‘-d  for  -'bservation  of  dyru't.t.ic  iriSt.'d'i  1  i  1 1 1  . 

,  •  ii  scr  ir:i  n.it  ; :  r.  iqnir.st  -n-.w.iT.t  •■•.i  r:  --r-p'*  1 1  nq  processes  such  as  Pam.in  t  T'iri  I  Ic  .i 

:  r  -r'l'-ai  iar.iq*-.  A  i  *-sr.’(,.int  r,  n  1 1  r.r'.ir  1 1  y ,  cr.  thr  otlH-j-  hanr!,  c.in  give  !•  ist  al  ..  1  j  t  y  ‘i’ 

r  •■  !r,.d  ,  ht  vu-  ,r  :  a'  'he  expense  -f  lesp-crise  •  ir  --•s  •  ..S;  toe  lorvj  for  'iset'.l 

•I'/s'i’.-.  i;  irorthcun  f-*rr.i.  -r  trlris  i'.'.--.  large  .  '  -issc'Ci  at  e  •  witt. 

•ir, luai:.  re;;.  '  imf-  i  roc  i-  ri'i  f-' r  our  p-urt'-eses . 


'■••i'.;;,  W'  ..d  .!  ,  ',  eid  ai.  ed  su  f  f  i  i  y  ‘c  give  J.w  thrcslu  1  is  and  ■.  i.itwer.jh 

;r  . '-.t..-,.  ,, ,  f  ,f  wi'h  .i  :»-s)  nsi-  r  »  few  f..ir..;sec-  n  is  f'  .-iIPw  a  rodSc:n..ddy  comp  act  resetuat'  r 

i'-'M  I'.'  *.  r  s-ullar^ry  t  r  insr. :  -  1 .  rK-d'.ii..it  i.  n.  (bises  are  ttie  cnly  irrjr.e-.iial  ei  y 

i'-'iii  iM  ►  •:.<'’di  1  w'ltf.  r-p.  .pertieu;  w  .are  •'.rfier  led  •  ■  I-.'-i'  )•  ;r,fr  irc-.j  transiti.ns,  becvi’..;-f.-  then 

:  recj.-  ,re  '.-iriaM  il’.cws  is  f  v;ry  f  fir-  -.ah  r-l.e  r  jrrji  »  rar.-j*  •  -  I  r.s  -'111  the  visible,  Dcp>p']er- 
Ir  'ieMr.-:  w—ii!  te  .u.  uri-.iesir  al  le  'tr.pJii-jtj  -ri...  hueb,  c  lerat  1 :  ris  er.abied  .s  '  r-  achieve  th<:-  first 

•  i '-erva' i'  !.  ■  f  r.ijch  effec's  in  t-assive,  ,1;  --.yst.-rris  .  •  n  n:  iv.j  .-ievei  r;e..ii.-,;  NH  >  gas  cor.'ainoi 

ir.  !  r :  ri'j  -avity  ind  p'.uTir’e-'l  f.y  tf.e  smicc  rr.  b'  ns  raises  a  TF.A  '■■''y  1  iser  We  Iderdified  and 

ier.'  r.s '  r  ar  ed  ’.he  uni  lue  advanta  jes  -f  m'leculjr  -rases  1;.  ♦fji;-.  Mekl,  \t  -viJin--:  ir.  r-ar  t  i  c',.  1  ar  a  vast  t  an  ui.- 
.  '  i  ase  r  -  ;  f”  •  i  1  if  r  f',(-  I  donee*-  f  1  -q»'t  h#-r  w  1 1  f.  r^'  i  ■  t  r »  sp  c  i.f.e  t  j  mp  ^  an- 3  f  Ja-r  ■  ri'  sw  1 1  ch  i  rv  i  t  :  n<  •  .a  r,  i 

n, i- a,  t  r  eg' -y  ,  by  '.iryiii--'r  ran  pressur.-.. 


[iere  wc  iescrib*'  ex'^'-nsi  r;  -f  w*  rV  t-  all  -p-'i:.!!  b-.tl  r  y-r*-r  •  ^  r*son.it.'rs  .  :  r.t  1 1  >,1  n. ;  NH  ,  ind 

-’•■‘-■r  :  ise;?  j.f'  \-i  iin'T  :  ‘•’i'p''act  cyr;:tf>n;s  whi--  n  .-arc  showri  t<  f-xhitir  huge  efforts  '  .  Deep  an.j  sustair-.r  ; 

--  i;ii*ir.r  if  twi  -e  the  rcind  trip-  time  --f  -he  -'avi^y  ctp  -at  p'-resent  1  .  Mii/I  al  -iiU  witli  *  .-mi 

m  r.  '  iu  1  a '  1 '■  r  and  jer.er  a  ♦•  1  <  a:  ?.  f  ciia--s  in  the  t  r.ir.sm  i  t  r  e-d.  signal  have  .all  I'C'on  ..b  t -ti  nc*..!  m  exc'e  1  1  r-nt 
ijreer*  r'  with  'rhf'  r  e  f  1  c  a  1  predi  rt  i  .'ns  .  Fur  t  herir.c -re  ,  '^.ri-ier  ■:  ’her  p.ir.ameter  e,  .ndi  t  i  .-ns  a  rich  ’-’ari'-fv  f 

r  ‘  1 -.  '.I’,  f  1 3  '  .\b  ; "  effortt-  are  •'.l,.serve-d  ir.cluUn.-r  sw,  t  ch ;  r.-a  ,  -'Vf-ishr-  t  -mid  pa-wer  1  ijr.i  *  i  :,g  ;  .dt.iir.r-;  1;. 

-  *  f-r-';  1  s:T,.al  ]  is  !  rnrrj  '  . 

Alre.^.i-,.  .  ♦  v  1  •  ue  -IS  A  '  .ra-a-.' t  au',’.  simp-le  labi.-rat.  ry  device  f.-,r  tomr>c)iai  cf.r.ti'  1  an,-i  r.o.i.la'i  v.  •' t 

;  ‘  w«  r  ir.frtre;  rahati'vn  'ur  Uuiiysis  slvw  The  p  r'  sp-erts  f'-r  cw  e.i.c  r  at- 1  < -n  'ito  .  i  y  :i  'rir-ir.i. 


27.  J..\.  Mroczkon.sk  1  ,  D.A.  Nelson,  "Optical  absorption  below  the  absori>i  ion  edije  in 

,  J.  Appl  .  Phys.,  Vol  .  54  ,  1983.  pp  2041-2051  . 
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DISdSSION 


J.W.Haus.  US 

I'd  like  U)  ask  about  the  theory  of  the  effects  of  the  overshool  as  a  funelion  of  lime  I  ha!  could  be  due  In  sonic  ihrcc 
dimensional  effect  Does  your  theory  have  plane-wave  propagation? 

Author's  Reply 

We  only  have  the  carrier  equations  for  the  material  itself  in  there,  coupled  with  the  Fabry  -Perot  equation.  It'',  quite  a 
simple  mixlcl.  We  re  using  plane  waves  because  we've  made  some  effort  to  eliminate  effecis  due  to  transverse  structure 
of  the  beam  in  the  expenments 


H.Gibbs.  US 

Would  you  elaborate  on  the  Inhornogenities  and  the  evidence  for  them'’ 

Author's  Reply 

The  band  tail  absorption  in  ('dHg  Te  extends  a  long  way  from  the  band  gap.  This  is  probably  due  to  local  lluctuations 
imhe  band  gap  because  of  the  random  distribution  of  the  alloy  atoms.  Hulk  samples  also  show  gradients  in  alloy 
composition  both  along  the  boule  <tnd  radially.  Within  our  typical  spot  diameter  of  about  IDO  microns  we  would  expect 
significant  refractive  index  variations.  Scanning  a  spot  across  the  sample  usually  gives  a  rtirialton  of  at  least  one  Fabry - 
Perot  cavity  order  over  a  few  mm  hut  not  as  a  smooth  vartation 


S.D.Smith,  UK 

What  are  the  prospects  for  using  (dllg'le  at  much  larger  band  gaps’  'There  is.  of  course,  not  only  interest  at  ID  microns 
but  at  .5.  maybe  ,1,  maybe  I  .5.  I'd  like  to  know  how  the  material  changes  as  you  go  to  these  conditions.  One  comment: 
I'he  difference  between  InSb  and  CdFIg  Fe  is  in  the  relative  signs  of  thermal  effects  versus  electronic  effects.  Wc  have 
some  new  ideas  to  be  talked  about  later  in  which  wc  found  it  an  interesting  idea  to  have  them  (the  thermal  effect  and  the 
electronic  effect)  in  the  same  direction.  And  so  my  first  question,  perhaps,  has  more  point  in  this  context. 

Author's  Reply 

f-  verything  we've  done  seems  to  agree  very  well  with  the  analysis  using  the  band  filling  nonlinearity  plus  free  carrier 
The  band  gap  dependencies  do  agree  with  theory  So  wc  could  confidently  do  the  scaling.  I  think,  to  smaller  band  gaps 
The  material  itself  is  quite  amenable  to  being  grown  with  larger  band  gaps,  as  long  as  one  can  convince  somebody  to 
grow  it  I  mean  the  main  advantage  of  using  this  material  is.  of  couisc.  that  it's  an  important  Infrared  detector  material; 
that's  why  our  material  is  grown  with  these  small  hand  gaps.  Hut  I  think  it  would  be  interesting  to  look  at  larger  band 
gaps  The  main  problem  is  mtiterial  quality  -  getting  it  homogeneous  enough. 
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lUiUKK  7(a).  Pulse  .shapes,  A;  incident  1.75  us  (fwhm),  B:  l  ranstni  t  led ,  Tor  a  3G3  um 
thick  Cdo  .  23^K0 . 77T‘’  etalon  at  295K.  Solid  lines  are  e.xper  imen  t  a  I  ; 
dotted  lines  are  theory.  Peak  incident  intensity  500  kW/cm2. 

C :  calculated  etalcn  phase. 

(b)  Incident  versus  transmitted  intensity  for  the  experimental  results. 
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lor^llO  4  1  (cm-1)  4  lOUO  where  -n  Uo  '  -20.44  51.70x,  o  =  5.G5K/cm-',  E,,  =  -3 1 09  +  1 64.50x 

Icnrl)  and  =  8U.5K.  It  is  convenient  to  make  use  of  this  for  the  present  analysis  and 
tile  re.sultxn^t  abstjrption  coefficient  at  10. C  pm  (0.117  eV )  as  a  function  of  band  gap  t*ner^y 
according  to  this  expression  and  Eq.(l)  is  shown  in  Figure  8(a).  (Note  that  fret'  carrier 
ai.isorpt  ion  has  iu'cn  neglected  here  but  will  be  a  significant  background  contribution  for 
larger  band  ga|)s .  )  Auger  recombination  at  small  excitations  has  been  studied  by  several 
workiTs''  and  t  lie  expected  lifetime  dependence  on  band  gap  in  the  same  range  is  shown  in 
iignrc  S(h>.  The  nonlinearity  in  Figure  S(c)  is  calculated  according  lo  Eq.(2).  In 
i  tgurc  8(d),  we  show  the  mean  cavity  inten.sity  at  10.6  um  required  to  cause  a  half-wave 
phase  shilt  in  a  single  pass  of  a  200  um  thick  etalon  from  Eqs . ( 3 )  ,  ( 4  )  ,  ( 6 )  and  (12).  We 
also  show  the  calculated  incident  intensity  required  to  take  an  etalon  with  ref  lect  i  vi  t  ie.s 
of  33.,  from  one  I  ransmi.ss  i  on  maximum  to  the  next,  Eq.(13).  These  results  show  the  strong 
band  gaii  resonance  exiiected  tor  single  photon  nonlinear  Fabry-Perol  effects  of  C'dllgTe  at 
10 . 6  um . 


A  similar  analysis  for  room  temperature  two-photon  excitation  is  shown  in  Figure  9. 
The  theoretical  two-photon  absorption  dependence  has  been  used.  The  background  absorption 
from  fri'e  carrier  absorption  has  been  included  using  an  absorption  cros.s  section27  of 
1.6  X  10-16  cm^.  We  note  that  the  two  photon  excitation  process  does  not  show  a  strong 
band  gap  dependence  however  single  photon  effects  would  have  to  be  considered  when  the 
ptiolon  energy  approaches  the  band  gap. 

0  .  (  (JN'tlLUb  lUNB 


CdllgTe  exhibits  one  of  the  largest  band  gap  resonant  optical  non  1  inear  i  t  ies  discovered 
to  date.  At  low  temperature,  nonlinear  Fabry-Perot  effects  can  be  observed  at  less  than 
1  niW  incident  power.  This  is  significant  for  all-optical  applications  in  the  10  um  region 
because  of  the  importance  and  widespread  u,se  of  CO2  lasers.  Inherent  thermal  problems  in 
CdllgTe  necessitates  the  use  of  pulsed  radiation.  Optical  bistability  can  be  observed  in 
CdllgTe  at  room  temperature  making  use  of  pulsed,  two-photon  excitation.  The  non  1  inoar  it  ies 
deduced  from  these  I'xpcriments  are  in  good  agreement  with  the  theory  of  band  gap  resonant 
f  f  ec  t  s  . 
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\Uu''Ur*.;i  r  r  all  sii.  i  M  t  <1  Lio  n.-.  pul^'*  .'-liajM  >  f..|-  a  20H  uHi  iliwk  ^  fJ(j  ,  m .  7  7  ^ 
.tal'ii  at  :riuK  t-.r  ‘iill^i'.-nt  ituiial  d.-i  un  nR'>. ,  H:  0,  [>':  - . 'J "  , 

I:  h:  -  .  7 .  P«-ak  uuid<-nl  ini*tisity  laO  kW  im-. 

a  ) »  li  1  a  1  >  ij  t  J'an >>rL  j  I  t  tal  } 'U  1  s«  shajx  s  t  < >r  i  h*  sanu-  'M  v  n  y  cond  1 1  U'n  s  . 


i  J I  I  ,  .  ,  .  '  ai  I  .  riii«  i.1  Hi  t  I  j.  ‘  <  .  iHijni  t  a  t  1  or  .  I'Ih  -  ■  u  r*  •  t .  >  i  li<  •  t  a<  i  that  t  h«  *  f  a^  i  ‘  -i  ki  s  a 

!  i;ri.  i  ,  tniild  ■.!]•  Mi*  la  qu  i  r*-il  d^-nsity  <*1'  carruTs  t.>  a.'li»*'V*-  ihi'  phas.'  .'liaiik't- 

. . '>ai;.  t  >  t  .-M  ati ;  1  >.h  th«  'tal'-n  ui  an  npp('r  .sfaf<  .  I'his  apjar  staM'  is  normallj'  beyond 

t  ^1*  pi  1  n  I  d  raax  1  it.u!!;  '  ran^'fii  i  ss  i  < -n  anti  during;  lh«-  buihi  up  p*ri*)d  the  caviiy  passi*s  briefly 
ft.i  Mi.d;  f*  >1)11.1:1*  (■  rt'a'  inn^;  ih*-  upp*-r  stat''.  Ih*-  s)>*-ed  of  switching  and  overshoot 

t'oha^  1  ar  .l«}.*ri<ls  >'ri  Ui*  rato  <if  incrt-iisf  of  int^nsits  and  ih<‘  carru'V  recombination  rate, 
a-  w.  ii  .1,-.  iiio  laviiy  Iinosst-  and  initial  detuning.  This  is  complicated  in  CdHgTe  by  the 
la*'  tnat  the  .airi.r  litiiuiH-  is  deeis-asing  as  the  density  of  carriers  is  increasing, 

I’H.  1  ,■>  .  Ill*'  i»\*'rshoois  in  t  lu  exp«‘r  imt'ii  t  a  1  results,  1  iguia*  i>(a),  are  not  so  distinct 
Atioh  riia;,  b.  du*-  f<'  a  c .  *ml '  i  n  a  t  i  *  >n  •«t  the  limited  detector  resp<*nse  times,  •  2  ns,  not 
juit.'  tia^ing  plane  wa'**  illumination  and  i  nhomogt-ne  i i  *‘S  in  tie:'  CdHgTe  over  the  urea 

’ucip ;  *•(! . 

figure  /<a)  show.',  jn<  ideiif  anil  iransmiited  pulse  profiles  for  a  single  initial  cavity 
1*  'uriiiig  oi  a  ippIJ  tin,  r>ariipl*  u^.lng  1.7f>  us  pulses  at  a  peak  intensity  of  500  kVi/cm  .  A 
■  Migl.'  switih  uii  and  .-.ubs*<iu«‘nt  reeov**ry  of  the  etalon  is  observed,  H.  Since  the  pulse 
Nngtti  i.'^  tar  long*  r  than  ilie  (urru  i  recombination  lifetime,  the  material  is  able  to 
rasi'ond  !*>  tbo  inci*l*'iii  radiation  in  a  fashion.  Ueparturo  from  exact  cw  behaviour 

1 ->  o'on  b;,  T  lie  non  -  V* '  r  t  u- a  1  switching;  expanding  t  e  lime  base  showed  the  rise  to  occur  in 
■  'll  ns.  figur*-  7ia)  also  shows  i  fie  output  from  the  computer  program  for  the  same  experi- 
i:.*nr.al  situation  with  the  peak  intensity  scaled  to  110  kW/cm^.  The  simulation  shows  good 
agr*’*jnieni  with  mi'a.su  r«’m«‘n  t  s  of  the  switch  up  but  prt‘dicLS  a  faster  switch  down  than  is 
obs*-rved.  figure-  7M))  shows  the  cavity  hystertcsis  loop  (optical  bistability)  obtained 
!  r'>m  figurt*  7  (,  a  )  ♦•nsuring  pr*i|)er  time  matching  of  the  input  and  output  pulses. 
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An  important  advantage  of  CdHgTe  is  that  the  band  gap  energy  can  be  selected  by  an 

appropriate  ch<.)ice  of  alloy  composition.  In  this  section,  we  calculate  the  band  gap  depen¬ 
dencies  of  the  optical  non  1 inear 1 1 les  at  10.6  urn  for  plane  waves  based  on  the  agreement 

between  experiment  and  theory  for  the  compositions  already  studied.  We  consider  the  two 

cases  of  single  photon  resonance  at  77K  and  two-photon  excitation  at  295K. 

At  77K,  we  have  to  consider  the  dependence  with  band  gap  energy  of  (a)  the  absorption 
coefficient,  (b)  the  carrier  lifetime  (and  its  dependence  with  excess  carrier  density,  AN, 
Kq.(4-))  and  (c)  the  nonlinear  refraction.  Although  it  is  unclear  what  physical  mechanism 
gives  rise  to  the  band  tail,  Kinkman  and  Nemirovsky26  have  found  the  absorption  coefficient 
to  be  consistent  with  the  expression, 


the  same  functional  variation  with  power,  consistent  with  Auger  recombination.  The  fact 
that  the  curves  appear  parallel  indicates  that  the  magnitude  of  the  nonlinearity  do(‘s  not 
vary  over  the  range  of  wavelengths  used  (10.51  to  10.69  urn).  These  results  are  consistent 
with  a  nonlinearity,  y  ~  -3.3  x  10“^  compared  to  a  calculated  value  of  -5  x  1(J“3 

Figure  5  shows  the  reflected  power  as  a  function  of  incident  power  for  the  same 
sample  after  gold  coating  the  back  surface  but  retaining  the  uncoated  front  surface.  A 


FIGUHt  5.  Input-output  characteristic  in  reflection  of  10,19  pm 
radiation  with  the  use  of  a  208  ym  thick  77 

Te  etalon  at  77K  with  a  high  r**  f  I  o<- 1  i  v  i  i  y  coating  ‘m 
he  rear  surface. 

20:1  mark-space  chopper  placed  in  the  incident  beam  to  r(.*duc<>  thormal  contributions. 

The  increased  finesse  allows  a  strongly  nonlinear  behaviour  which  shows  an  optical  gain 
of  2.2  at  30-40  mW,  This  characteristic  points  to  tiie  i.Jossii)i  1  1 1  y  of  using  GdHgTe  in  all- 
optical  logic,  modulation  or  differential  amplification  of  t’Oo  lasor  radiation. 

Steeper  characteristics  were  found  to  be  difficult  to  attain  due  io  the*  thermal 
properties  of  CdHgTe.  This  alloy  is  fairly  unique  for  a  zinc  lilendc  semiconductor  in  that 
heating  increases  the  band  gap  energy  resulting  in  increased  transparency  and,  more  impor¬ 
tantly,  a  negative  refractive  index  temperaturt'  cot' f  f  i  c  i  en  t  .  I'his  is  the  same  sign  as  the 
electronic  nonlinearity.  Thus,  as  a  cavity  approa^-hes  resonanct-  due  to  t'lecironic  contr-  • 
buttons  to  the  refractive  index  at  higher  incident  intensities,  the  pow.*r  absorbed  increa¬ 
ses  rapidly,  raising  the  temperature  of  the  material  and  so  pushes  the  etalon  further  into 
resonance.  The  curve  shown  in  Figure  5  is  stable  because  the  uso  of  a  20:1  ratio  chopper 
allows  the  absorbed  power  to  dissipate  during  the  pt.-riod  wluui  the  radiation  is  blocked. 
Operation  of  a  nonlinear  device  in  ("dllgTe  thus  n<*cess  i  ta  i  os  ihoppeil  or  pulsed  radiation. 

■1.  i'WO-PHOTON  OPTICAL  SWITCHING  AND  BISTAIMLITV 

Kxperiments  on  two-photon  induced  nonlinear  etul<m  effe<’ts  in  (dllgTe^*'^  were  curri(’d 
out  at  room  temperature  on  crystals  of  the  same  composil  i(>n,  x  -  U .  2  .  This  gives  a  hand 
gap  <uiergy  of  0.2  eV  (6.2  um).  The  two-photon  absorption  coetlu  i<ni  ,  r ,  in  i  h*-  niat«riai 
is  r«--latively  large.  A  theoretical  analysis^l  .32  results  in  a  j*redi«'!ed  value  <>f  .  ■ 

cm/mW.  Csing  the  band  gap  dependence  of  the  two-phoiun  absorption  c<je  f  f  i  >■  i  m  t  f:.>m  the 
the'ory**^^,  extrapolation  of  measurements  of  on  a  CdHgTe  samplt-  w  1 1  ti  a  sligliiU  different 

compos  1 1  Kjn^ 3 , 24  ^  gives  ^  6  cm/mW. 

I'wu  separate  lasers  offering  different  pulse  widths  wen-  employed.  i>oth  gave  |uilso:. 
with  sm(joth  temporal  and  spatial  profiles.  A  short  cavity,  CO2  IFA  laser  ga\e  30  ns  i  iwln: 
duration  pulses  which  are  comparable  in  timescale  with  the  intrinsic  ri>om  t  t.*m|.'orat  ure 
rocomb  mat  ion  lifi.’time  of  ~  90  ns^^,  A  hybrid  CO^  TKA  laser  gave  1.73  us  i  fwhm)  jui  1  ses 
which  ar<‘  Icjnger  than  the  recombination  lifetime. 

ligure  G(a)  shows  the  changes  in  transmitted  pulse  shapes  for  differt'nt  iniiial  <  a\  1  r 
detailings  (obtained  by  sample  rotation)  using  30  ns  pulses  at  a  constant  (unfoeusod)  prak 
uK  oieni  intensity  of  150  kW/cm^.  Only  the  central  part  of  the  beam  was  sampled  with  a 
pinhole  in  front  of  th(*  detector.  Peaks  in  the  profiles  show^  that  the  cavity  swoops 
through  two  etalon  transmission  maxima.  As  the  sample  is  rotated  to  larger  angles,  h  to 
1  ,  1  ho  nonlinear  fMaUm  features  occur  earlier  in  the  pulse  indicating  the  pr*  ■  nco  ot  a 
regal  ivo  n*  m  1  1  nea  r  1  t  y ,  Tlu’  angle  of  rotation  giving  repetition  of  the  pulse  ![>o  Wi  p 
and  I  agr»-es  with  that  expected  for  a  20R  pm  etalon. 

liguro  6(b)  shc.iws  results  from  a  computer  simulation^  using  the  same  cavity  t'ondi- 
ti'.ns  as  in  higure  6(a)  other  than  tht»  peak  incident  intensity  which  was  adjusted  to 
ijtain  a  so;  of  pulse  profiles  with  features  in  agreement  with  the  measurements.  Ih'cause 
r  ri‘  rocomh  i  na  t  i  on  time  of  the  excess  carriers  is  of  the  same  order  as  the  puls('  length, 
wo  would  oxpei't  to  observe  transient  switching  phenomena  such  as  transmission  overshoot  s*- •’ 


d(‘si.ribt‘  a  sum  i  conduc  lor  slice  polished  plane  parallel  with  surface  re  11  ec  t  i  v  i  t  i  os  , 

\<y  -■  ^  1311.,  and  f  chosen  to  be  unity.  Dimensionless  intensity  parameters  are  u.sod  in 

both  cases  and  the*  initial  cavity  detuning  has  been  adjusted  to  give  the  critical  condi¬ 
tions  lor  the  lowest  power  optical  bistability.  It  can  be  seen  that  two  effects  make 
optical  bistability  more  difficult  to  obtain  in  the  case  of  a  semictuuluc t or  exhibiting 
Auger  recombination,  (i)  the  spacing  of  the  cavity  orders  become  lai-gi.-r  and  (  li)  tht* 
slopes  of  the  transmission  curves  become  shallower  with  int<*nsity  in  the  higher  orders. 
However,  suitable  optimised  cavity  design  can  significantly  rt-ducc*  the  minimum  incidt.-ru 
intensity  rc‘(iu  I  red  for  bistability^^. 

IVo-phuton  abs^irptiun  adds  another  nonlinear  process  which  addituinally  affects  the 
j)ower  dependence  of  the  nonlinearity.  Under  steady  state  conditions,  the  excited  carrier 
density  is  given  by 


where  ,  is  the  two-photon  absorption  coefficient.  At  room  temperature,  Ud(j .  ;,o^HgQ  ^  7  j-Te 
is  intrinsic  and  the  recombination  rate  is  given  by 

where  =  1.5  x  10^^  cm“^  and  -  90  nsec.  The  refractive  index  should  thus  show'  a  two 
thirds  power  dependc'nce  on  intensity. 

We  can  estimate  that  to  decrease  the  optical  thickness  of  a  200  urn  thick  ('talon  by 
■  / 2  requires  2.3  x  10I6  cm”^  generated  carriers.  This  reduces  the  lifetime  to  •  20  nsec. 
The  two-photon  absorption  coefficient,  ,  for  Cdg  77'*'^  10.6  um  is  ••  5  cm/mW  which 

requires  a  cavity  Intensity  of  ^  100  kW/cm^  to  shift  tn6  otalon  transmission  by  a  full 
order . 


3 .  b INGLE-PHOTON  NONLINEAR  FABKY-PEUOT 

Experiments  were  performed  on  an  n-type  (Nd~^A  =  1  10^^  cm"'^)  sanqjle  of  i 

Te  polished  plane  parallel  to  form  an  etalon  208  ym  thick  and  held  in  a  cryostat  at 

rhe  crystal  absorption  was  24  cm“l  in  the  10  pm  band  with  surface  reflectivities  of  32.. 

From  Eq.(l),  the  band  gap  energy  was  estimated  to  bo  0.13  eV.  Radiation  from  a  2.5  W, 
line  tunable  CO2  laser  was  passed  th.rough  a  variable  attenuator-spatial  filter  arrangenu'nt 
to  ensure  a  near  Gaussian  transverse  profile  and  focused  by  a  20  cm  focal  length  lens  to 
a  beam  waist  at  the  sample  of  diameter  -  90  ym  (1/e  points  of  intensity  jn'ofile).  To 
avoid  effects  due  to  intensity  dependent  beam  profile  changes,  the  total  transmitted  or 
reflected  laser  power  was  measured  using  a  collecting  lens  and  a  largo  area  pyroi.'lect  ric 
del ec  tor . 


Figure  4 ( a )  shows  the  highly  nonlinear  behaviour  of  tlie  crystal  using  a  low  power  cvi 
beam.  Rapid  transmission  changes  can  be  observed  at  power  lovc'ls  us  low  as  100  yW.  In 


Output  Pow*r(mW) 


FIGURE  4<a;.  Transmission  of  cw  10. G  yni  radiation  through  a  jn.s  um  thick  (.'dfj  ^  .  7  7 

etalon  at  7  7K . 

(b).  Plot  of  intensity  dependent  phase  changes  in(l';'«’d  in  th(*  I'talon  at  fiv(' 
diff<?rent  wave-lengths  of  th('  CO2  laser. 

the  cas(.-  shown,  transmission  starts  at  a  low  value  and  increa.sus  with  intensity;  at  oihf>r 
wavelengths  where  the  cavity  is  initially  op  resonance,  the  l  ran.smi  vss  1  on  decreases  first. 
The  transmission  can  be  se‘en  to  vary  more  rapidly  at  the  lowest  powers  consisti-nt  with  lh< 
('Xpect('d  1/3  pow(‘r  behaviour.  From  transmission  versus  input  power  curves  at  difler*'nt 
wavelengths,  the  variations  of  induced  cavity  phase  change  with  output  power  (which  is 
proportional  to  the  cavity  intc'nsity)  art’  plotted  in  Figure  4(b).  Tht*  data  mt-asuri'd  slu'W 


The 
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transmission,  T,  and  reflection,  H,  of  a  Fabry-Pcrol  of  Ienj;th,  «,  with  front 
reflectivities,  Hj.-,  ,  containing;  material  of  linear  absorption,  »,  is  given  by, 
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Tlu‘  inti'nsity  dependence  of  transmission  and  reflection  comes  about  through  the  phase,  •, 
which  can  be  divuk'd  into  an  initial  detuning  <if  the  cavity,  -f,,  and  an  intensity  dependent 
part  , 


2- 


n  •. 


(  12  ) 


lAiih  an  absorbing  material,  the  cavity  transmission  (or  reflection)  and  input  int€*nsity, 
Ij,  can  b(‘  shown^^  to  be  related  through  the  effective  mean  internal  cavity  intensity, 


where 


C't 
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'  K  ( 1-K) 


and 


(  13  ) 


Tqs.(lO)  and  (13)  solved  simultaneously  to  eliminate  describe  nonlinear  Fabry-Perot 
transmission  as  a  function  of  incident  intensity.  The  existence  of  optical  bistability 
is  normally  determined  graphically  by  observing  whether  a  multiple  intersection  occurs 
between  the  periodic  dependence  of  T  on  from  Kq.(lO)  and  the  straight  line  defined  by 
Kq.(13). 


Figure  3  shows  plots  of  Eqs.(lO)  and  (13)  for  a  semiconductor  with  (a)  density  inde¬ 
pendent  recombination  rate,  ‘.n  ^  I  and  (b)  Auger  recombination,  An  «  Both  figures 


1 IGURK  3.  Nonlinear  Fabry-Perot  transmission  versus  mean  cavity  intensity  for 
Rp  =  H|j  =  32Z  and  u?  =  1  for  (a)  An  •>  I  and  (b)  An  I  ^  ^ . 


v-here  I  is  the  inlenaity  In  the  material  and  ji  is  the  absorption  cin- f  f  ic  i  «n  i  .  A  rca.-.'jn- 
able  appr<'X  imat.  ion  of  tai .  ( -I  )  for  .'.N  >  gives  the  intensity  dependence  of  tht-  (‘xcess 
carriers , 


and  from  Kq ,  (  3 )  ,  the*  refractive  index  change  has  the  form, 


Ihis  intensity  dependence  was  confirmed  in  sel f-defocusing  studies  of  1 U . o  pm  ladia- 
t  ion  in  a  33U  pm  thick  samplt‘  of  CdQ^21^*60  79*^^*  The  one  third  law  manifests 

Itself  in  iht'  power  dependence  of  the  far  field  beam  profile  as  shown  in  figure  i; .  lor  a 


Incident  po»«r  (hM) 

flGUKK  2.  Power  dependence  of  far-field  beamwidths  for  10.6  um 
radiation  after  transmission  through  330  urn  thick 
Cdo .  2  l^^SO .  79^^®  at  175K  placed  just  beyond  a  beam  waist 
of  200  pm  ( fwhm) .  The  solid  lino  shows  a  one-third 
power  dependence  for  comparison. 

Gaussian  beam  profile  and  a  uniform  absorption  coefficient,  the  phase  change  across  the 
beam  profile  due  to  the  nonlinear  interaction  can  be  calculated  from, 


where  is  the  central  beam  intensity  just  inside  the  sample,  d  is  the  width  parameter 
of  the  incident  beam,  Iq  exp(-r2/d^',  and  t  is  the  sample  thickness.  The  profile  of  phase 
variation  is  times  broader  than  the  intensity  profile.  This  allows  the  phase  variation 
to  be  expanded  as  a  power  sum  of  quadratic  variation  over  the  most  significant  part  of  the 
intensity  profile.  Retention  of  only  the  leading  quadratic  term  leads  conveniently  to  a 
representation  in  which  the  phase  angle  variation  approximates  to  that  of  a  concave  lens 
of  focal  length , 


.  W3 

1  2y( l-exp(-aL/3) )  o 

T  -  c,  ^2 


The  far  field  profile  then  remains  Gaussian  but  its  width  is  determined  by  both  th('  inten¬ 
sity  dependent  interaction  in  the  CdHgTe  and  the  propagation  of  the  beam  prior  to  t h(> 
sample. 

The  retention  of  a  Gaussian  beam  profile  on  transmission  is  advantagc'ous  to  the  oper¬ 
ation  of  optically  bistable  devices  and  may  be  compared  with  materials  with  n. ,1-type  non- 
iinearities  in  whic‘h  considerable  beam  break-up  appears  ^  ^  ^  ^ .  However,  the  oni*  third 
power  dependence  makes  the  conditions  for  optical  bistability  more  difficult  to  attain. 


VO  1 ume ,  : ,  then, 
2 


2l  ^m*n^ 


,  2  m*  (ml 

1  '> 

L  ^  ^  U 

2  i  kT  ■ 

\  KT  )\ 

where 


J(  a ) 


and 


^  e'^'/Cx-a) 


.:.n  =  o.'.N 


(  3  ) 


HtTf,  (■  is  thu  eiectronic  charge,  c  the  free  space  dielectric  constant,  m*  the  conduction 
band  effective  mass,  m  is  the  electron  mass,  fi ,  is  the  photon  energy,  n  the  linear  refrac¬ 
tive  index  and  P  the  momentum  matrix  element  (the  quantity,  mp2/fl2  jy  in  Joules).  The 
first  term  describes  the  plasma  contribution  to  the  nonlinear  refraction  and  is  the  Urude 
expression  derived  from  standard  dispersion  theory  modified  by  t  tie  ’eetron  effective  mass*. 
The  second  term  i.s  the  result  of  the  excess  carriers  blocking  virtual  transitions  between 
the  valence  and  conduction  bands''^  and  shows  a  resonance  tor  photon  energies  close  to  the 
band  gap,  embodied  in  the  thermodynamic  integral,  JCa). 


The  advantage  of  employing  long  wavelengths  and  small  gap  semiconductors  are  apparent 
in  Kq .  ( 2 )  from  the  1  /  ,.2  dependence.  The  momentum  matrix  element  is  fairly  constant  for 
different  zinc  blende  materials  while  the  electron  effective  mass  is  approximately  propor¬ 
tional  to  the  band  gap  energy.  Tor  the  77K,  Cdo.23**Bo  77^®  samples  employed  in  the  experi¬ 
ments  described  in  section  3  under  10.6  urn  band  gap  resonant  excitation,  we  would  expect, 

■  '  -2.3  X  1U”16  cm2.  same  composition  at  room  temperature  with  Eg  =  0.2  eV  should 

give  j  *  -1  X  10“*2  cm2  ^t  10.6  urn. 


The  density  of  carriers  in  a  semiconductor  under  optical  excitation  is  governed  by 
the  dynamic  balance  of  generation,  recombination  and  diffusion.  Under  the  conditions 
employed  in  our  experiments,  diffusion  can  be  neglected.  Hecombinat ion  in  CdHgTe  at  both 
77  and  295K  is  dominated  by  Auger  proces-ses^  which  cause  a  strong  concentration-dependence 
for  the  carrier  lifetime.  This  therefore  has  a  significant  effect  on  the  intensity  depen¬ 
dence  of  the  nonl  ineari  ty2  and  in  turn  the  form  of  the  nonlinear  Tabry-l'erot  characteris¬ 
tics  *  3 , 


I 


Fur  our  77K  sample?,  with  an  initial  electron  doping.  No 
bination  rate  is  given  bylG^ 


'-N(  N.. 


2N  . 


I  X  10^^  the  recom- 


(4) 


where  Ni  and  ij  are  the  intrinsic  carrier  concent  rat  ion  and  lifetime  respec t i vel y .  In 
this  case,  N  2 1  ^  -  1,3  x  10^'*  cm"®  s  which  gives  a  low  intensity  carrier  lifetime  ( AN  «  Nq). 
oC  ^  2.5  usl?!  The  density  of  excited  electron-hole  pairs  under  steady-state  conditions 
is  given  by , 


2I 


r  AN 


(5) 


d  AN 
dt 
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.SIMMAHV 

We  discuss  ilie  origin  and  charae  t  or  ist  ics  of  nonlinear  «-fleiMs  in  idli^:!*  !  -I-  i' »i 

i‘ialons  at  10.0  uni  which  arise  from  lar^e  inLcnsily  deiiotuleni  ndracliV’  indt-x  iimn,'*  '- 
Uj)iical  switcdiinp  bistability  can  be  observed  in  room  t  ompc-ra  i  ur' •  1  ('>■  b;.  I’a*' 

ph.oTDn  ('xcitation.  Tlu*  band  t;ap  depi*ndencc‘S  of  these  i)honomena  am.'  atial>sid. 


1  .  INTUODbCTlON 

Semiconductor  mal(.'rials  show  great  promise  for  all-optical  signal  processing  and 
computing  applications.  Tlu*  extremely  largt-,  band  gap  resonant,  nonlinear  optical 
discovered  in  recent  yoars^hav*- al  lowed  the  demonstration  of  low  powk.’r  optical  1)  i  s  t  al>  i  1  1 1  y 
and  related  phenoiiania  in  a  number  of  compound  semiconductors- * .  Tlu*  olcctnunc  inter¬ 
actions  can  be  very  fast  and  comliiiu/d  with  the  paru  1 1  <-l  ism  that  optics  can  offer,  sir:.:- 
conductcn's  may  well  provide  ultrafasi  signal  proce.ssing  elements. 

I'hese  semiconductor  I'ptical  non  1  i  neun  t  ies  normally  take  the  form  of  refractive  index 
changes  caused  by  (‘xcitaiion  of  electrons  across  the  fundamental  band  ga]>.  Tlieory  predict  - 
that  these  eff(?cts  should  be*  larger  foi*  small  band  gap  mai<.*rials  using  corrc.'spond  i  ng  1  \ 
longer  wavelength  radiation.  Th(*  alloy  semiconductor,  ('dj^!lgl_^^Te  offers  a  variation  td 
band  gap  energy  with  composition  and  K'mperature  from  0  to  1.5  <'V^.  This  wide  range  tluis 
offers  energy  gaps  resonant  with  a  number  (if  important  laser  f  I'eijuenc  i  c-s  and  In  partiiiular 
it  is  one  of  the  few  semiconductors  suitable  for  the  study  of  band  gap  resonant  optical 
non  1  inear i  t.  ies  m  the  important  COo  l‘ti^er  output  band  around  30  um.  Indeed,  wi?  have 
ob.S(?rved  very  large  nonlinear  refractive  effects  of  electronic  origin  in  C'dHgTe  under 
resonant  conditions  using  1  mW  from  a  cw  CO2  lasor^.  In  roctuil  publications,  we  have 
reported  nonlinear  I'abry-Perot  transmission  and  reflectivity  at  mW  power  levels  in  a 
cooled  crystal^»7  as  well  as  optical  switching  and  bistability  at  ro(>m  temperature  using 
two-photon  excitation  with  pulsed  lasors8,9.  in  this  paper,  we  review  these  optical  non- 
linearities  in  Fabry-Perot  etalons  of  CdHgTe  and  consider  the  band  gap  dependences  of 
these  effects  for  10.6  um  radiation. 

2.  NONI, INEAR  REFRACTION  IN  CdHgTe 

Moderate  densities  of  optically  gent^rated  electrons  and  holes  can  cause  relatively 
large  changes  in  the  refractive  index  of  small  gap  semiconductors.  figure  1  illustrates 
two  methods  of  generating  carriers  which  we  have  studied  b<.Uh  experimentally  and  theoreti¬ 
cally  in  CdHgTe.  In  (a),  single  photon  absorption  excites  carriers  into  bandtail  slates. 
These  carriers  are  scattered  into  the  band  within  a  few  picoseconds  and  will  recombine  on 
longer  timescales,  usually  within  nanoseconds  or  microseC(jnds,  In  (b),  two  photon  absorp¬ 
tion  excites  electrons  directly  into  tlu*  c<>nduction  band  with  some  excess  kinetic  nu'rgy. 
These  carriers  drop  to  the  bottom  of  the  band  by  phonon  emission  on  a  picosecond  1  1  mt-sc- a  h* 
before  recombining.  Although  the  two  photon  excitation  proc<‘ss  is  not  as  effit  lent  as 
single  photon  absorption  for  the  generation  of  carriers,  smaller  ga{i  semi  ct.ndu-' l  or  s  have 
relatively  large  two  photon  absorption  coefficients.  In  addition  tlie  excited  carriers  are 
normally  more  evenly  distributed  through  the  material  and  the  background  absorption  v'an  be 
much  smaller  than  for  singlt*  photon  excitation,  C'dHgTe  is  unusual  for  a  /.inc  blende  semi¬ 
conductor  in  that  the  band  gap  increases  in  energy  with  increasing  t  e'rnperal  ure .  The  band 
gap  dependence  (;n  composition,  x,  and  I  empc'rat  ure ,  T,  f<ir  Cd>.Hg  j  _^Ie  has  recently  bei>n 
found  by  Hansen  et  allO  to  be  consistent  with  the*  expression, 

K^(x,T)  =  -0.;K)2  *  l.;»3x  +  r>.35(  lO""*  )T(  l-2x)  -  O.HlOx-  *  U.H32  (U 

Thus,  a  sample  of  alloy  composition  which  has  a  low  temjHTalure  band  gap  inatclied  to  t  lu' 
output  of  the  COo  laser  at  10.6  pm,  x  -  0.23,  will  be  suitable  for  twt)  jihoton  ‘Xcitalion 
at  room  temperature. 

The  refractive  index  change*,  An,  for  photon  energies  below  the  band  gap  t'ru'rgy,  due 
tcj  an  excess  free  carrier  density,  AN,  can  bo  considered  to  arise  from  two  con  t  r  i  hu  t  i  ons^  ^  ^ 
Expressing  tlie  nonlinearity  as  a  change  in  refractive*  ind<'x  per  e  1  ec t  ron-lio  1  (*  jiair  per  unit 
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has  boon  i.bstTved  by  uso  of  a  n’-usi;.  jf  lasfr  t  ranr;  1 1  i.' r.s  nearly  coincident  wit; 
ilei*-  wo  cc  ncoiit  r  .it  r-  on  the  10R{14)  <  j-j  line  f*  b  .  ^  ..m)  ,  p'lmpinq  tfie  aP  ( i  ,  1  t 
,'Vi-  line  (.•••ntre.  L>vor  most  of  the  pross-.rc-  r  mao  -  -1  r:  rr'  the  syst*.j:.  e  ' 

jr.p*'  ht  »i!i' "  i-.is  1  y  broadt“nf*d  ^Nlovel  systeiti,  tiie  rrossiie  Irfa  ier.c-  :  }  .!  1  w  i 

1  r.a  '  MHl’  *;.v-rr~  ‘  . 


"lie  t  I  .jnsir,  i  t  r . 
sensitive  t.'  NH  ;  i.- 

t  r.'ins::'.!  t  tc.'i  siqt.  i ! 


siqn.3l  sls-wed  iaiae  piilst.'  distf.rtion  and  modulation,  the  sfrnct: 
f  iossure,  cavity  tuninq,  ind  ir.put-siqnal  intensity.  'll!*-  noili,'.. 
caled  linearly  with  cavi  ty  le.nqth,  as  expor;tod. 


Hcpresorit  .it  1  V‘-  ‘.'Xamples  of  the  modulated  ontj -i?  for  I'ZT  tuninq  aie  sh-.-wn  in  1  i  j .  Mi.  t  t  'jvi'y 
lop.'Mh  Hh  cm,  •■•ell  lenqtii  7'J  cm,  and  pressurcr  tcrr,  with  input-ccui  u-r  r*-!  iectivit-.-  '  '  •  .  ,  'r 

Ikeda  ^  I  lat  m  (perii.al  '  1  I  ns,  close  to  11. h  ns)  persistent  *  i;i  o'lqiv  c*-  Mi<-  ;  is  •  i  ’--r.'  :r. 

ti;e  nr-i  jhbo'..rii-,.'.  M  '.i  minirn’i::.  transmission,  consistent  with  tlio  al)r-v«-.  tra.-nt  ic  ;.e  i  :  -w  j'/e  .-.ixir.;  in''r;r'- 

t.Ht.icn  d  till;--  i  nst  aiu  1  i  ty  ('<)  .  bZ”'  tuninfj  of  the  c<tvity  Ic-ads  pro<;ress  i  vo  1  y  "swMed.;  f,  y  ),rd;v.’i  .r 
wit.h  lii'-bi  pO'.ik  t  r  insit.i  ssiot.  followed  l;>y  lamped  oscillation  of  lor;qor  pa-ric.d,  Tla.  rr-'yi  t,;;:,;  r  •: 

ir.  Kiq.  Ma)  is  i-.r  the  cavity  without  qas. 


At  o.'W'ir  :  ressures  f4  ^  H  torr)  ,  where  inhomoqeneous  broadeninq  may  lie  importaiM,  st  r  ''vi  4'-  ic  ;'.  li- 
titti  w.is  oi/served.  At  liiarit-r  pressures  -  ll'  torr)  much  more  complex  pulsf-  shapes  w'ere  ii:,--:.  '!')  es 

feat.ures  w-?re  erihanced  for  reduced  inp'Ut-coupler  reflectivity  (R^  =  l('.-'t);  larct*  in{u'  c;  1  i  r.  ;  t.i:,; 
needed  to  bleach  th^‘  hiqh  absorption  (ah  m  ».)  to  achieve  adequate  cavity  feedback.  P/T  f-  r 

pressure.^  -  Jf;  torr  showed  .^tp  oscillation,  developinq  to  2tp/4  oscillation  on  the  hi  iher  irari  .':,,  ar,  i 
bifurcatina  to  “^tp/l  before  again  evolvinq  to  lower-branch  2tp  modulation.  Apt- r i i i - •  I’iUn-  shapes, 
character  1st  1C  of  chaos,  were  also  evident.  Similar  behaviour  was  obtained  on  a  number  f  uher  ‘rir,«i- 
M  'ns  in  NIi-^  m  cl-'jse.  resonance  with  COM  laser  lines. 

It  IK  f;  i  qr.  i  r  1  cant,  that  the  2tp  oscillation  was  th*'  most.  rppro<iucible  an^i  r.jther  i  ns»’r,.s  1 1  iv*'  ;  iru- 
meter  contr',-.d.  This  is  cons  i  stent  with  predictions  (II)  .and  is  est'Ccially  ♦•f.-cour  i  ;i  n -j  ;  r.  <  ih  ]  i  .''h  j  r;q 
sucfi  .'ryst'.un.s  a:;  passive,  lii-jh  f  i  equeticy  modulators,  turi.ible  by  cavity  Icnqth  c^i'.tr'  1. 


St.ibiiity  inalysi.s  i.'f  nonlinear  Fabry-Perot  resonators  has  apparently  ar.iy  b<'er.  examified  in  '.hi 
.Hspersive  ,herr>  limit  (12).  'Jmr  experinients,  however,  necessarily  involve  the  bleachit^q  nf  a  rithiT 
substaibLal  absc  rpt  i  i.--ri .  Wf-  h.avt*  therefore  adapted  the  model  of  Carmichael  s  Ht?rmanii  I  wliich  trritv 
st<.:ady-st.,:itc  optic, ii  bi  st  <;ih  i  1 1 1  y  in  a  Fabry-Perot  resonator.  We  handle  the  time  <h‘}'endenci'  by  r*'; 
the  i.is  ’••■11  by  N  tltin  slices  symmet r ica  1  ly  placed  within  the  cavity.  Assuming  the  adiabatic  limit,  wr- 
apply  st  ea  iy-ct  at  e  theory  to  find  the  forward  and  backward  transmissions  of  each  slice  (unequal  i'.ic  tu 
th*‘  pliuse-i  <.q:  1 1  at  ion  grating).  We  can  theri  follow  the  field  around  the  cavity,  whore  it  irit'M  U’;:t  s  in,  t  ht> 
FsliM/s  witf,  N  earlier  .'in..!  N  liter  fields,  and  keep  track  of  its  attenuation  at  each  stage.  At  tr,o  ur;’.*- 
i.'ui  input  ccupders  wo  apf  ly  tlie  usual  Fabry-Perot  boundary  conditions,  and  thus  have,  in  'd  ie-.'  ,  ,i  ;  ;n  .• 

:  .iran'.et  iT  map’pin.j  fTohlcm.  Full  details  of  this  analysis  are  reported  (-Isewhere  (7). 


Ap'j.  1  i  cat  i  rn  oi  tliis  rroctdure  to  and  use  of  an  input  pulse  of  the  form  shewt',  in  ri  j.  yi-‘l  i-:  ' 
transmitted  pulse  shajv^s  :  iq.  in  pleasing  agreement  with  the  observed  pulse  shnfes,  espe<-ially 

since;  only  m*' isur*.'  !  param*  rs  are  us^^'d:  is  0.02S  cm“^  at  10  torr  and  scales  as  p^  (this,  :  I U’  t)-,,-. 

presFujre  br'.;a  i«''n  i  nq  rate.'  and  con.stants  gives  a  .saturation  intensity  Ig  '  2.3  MW  cm”**  at  1''  torr  ( .  .  h  MW 
cm"*-  at  torr)).  Tin?  value?  I/I,;  “  7  is  thus  in  line  with  tlie  measured  input  intensities  in  tlie  ru:!-i*' 

1 -  2h  MW  cm"^. 


'Iliu;  good  aq  r<'-e‘m<>nt  is  ratlier  surprising  in  view  of  the  omission  of  reservoir  (f.,7)  at'i’!  transvi- t:h- 
effects  i  ri  the  analysis.  Inclusion  of  such  effects,  in  particular  transverse  (14)  is,  however,  nr-rtps  ,iry 
to  generate  the.'  more  r.omplex  |:a:lso  shapes  obtained  at  higher  pressure,  though  qua!  i  r.at  i  vt’  uqroement  still 
exists  r ; '.on  the  il.ane-wave  -ap-proacb. 

-  Optical  Hysteri'sip  in  SF^ 

It  is  emphasisi-’d  th.it  for  cw  inp-uts  these  models  give  steady-state  oscillation  and  chaos  withii'i  c  ui' 
experimental  f.ar.ameter  r.inge  arv:  we  have  identified  period-doubling  to  K^tj^  on  route  to  chaos  iii  one  c.i:;e. 

An  example  of  2tp  oscillation  iri  NHj  for  an  input  power  of  6  Ig  is  shown  in  Fig.  4.  The  cor lu-sp-ondi t.u 
power  -Spec  rrum  al.si)  nhows  contributionF;  at  tp  and  2tp/3;  a  manifestation  of  the  non-si  nusoida  i  femi  d 
the  oscillation.  In  ru.ictice,  generation  of  these  effects  under  cw  conditions  prescribes  th--  use  cl 
molecules  with  low  saturation  intensities,  such  as  SFf,  (ca.  b  W  cm"^  torr"^).  As  a  precvirsor  »  ■  tfiis  wi’ 
rc’fort  obKervati.>n  of  optirvil  hysteresis  effects  in  this  gas  over  a  wide  range  of  parameter  con  1  i  t  iorir. . 

Wf  t'.ote  that  operation  hero  is  in  the  'bad  cavitv'  limit  and  so  precludes  generation  of  Iked.i  i  rist-il  i  1  i  r  ies . 
Pibry-Perot  resonators,  ranging  in  lonFjth  from  2  to  15  cm,  with  intra-cavity  gas  cells  as  sfiort  as  1  mm 
wet"  oporati’d  at  .CFf.  gas  (/ressiir^'s  ranging  from  ca.  1  to  ca.  200  torr.  V'.irious  lines  in  tlie  M'p  band  'ef 
t>i>'  TKA  rn^  laser  were  used  to  pump  th**  dense  and  broad  spectral  features  cf  the  '.'3  vihrritional  mode  of 
near  M'S'^nance .  Kffects  of  switching,  power  limiting,  and  overshoot  with  nanc>s«'.-on.l  rf'sponse  ti:r.rs, 
lir,it<'d  only  by  cavity  decay  tim»*,  were*  routinely  obtained  at  gas  pressures  <.•.  >mm<^nsurate  with  self 
focussing.  A  c.amj  le  trace  of  the  transmitted  signal  is  shown  in  Fi<j.  5(b)  for  an  pressure  of  ca. 

lu  torr  pump-ed  at  U47,7  cm"  ^  (I'ipjn  rf^i2  line).  Corresnonding  recordings  of  instantaneous  infvit  (x  axis) 

.ind  output  (y  axis)  intensity  (Fig.  5(c))  show  good  bistable  action.  Equiv.alenf  rec'ot  linos  f  t  ^ile 
errif  ty  cavity  ar^-  shown  in  Fig.  F(a)  fc-r  reference. 

The  successful  miniaturisation  of  systems  here  is  again  encouraainq  with  regard  to  device  .ipp 1 1  cat  ions 
as  are  our  recent  observations  of  s-iturat  ion  in  SFf,  using  a  T  w  cw  input  signal.  W>‘  nf'te  .K'ner.at  ion  -  f 
Ikeda  modulati->n  in  such  system.s  will,  however,  require  higher  «.>peratin.i  pressures  to  era  wre  i  relaxati’n 
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Piq.  4.  Computer  ?  racf-*K  oi  the-*  transmitted  signal  flower)  and  power  spectr’.un  ('ipf-f»r)  for  f.*w  inp'it  signal; 
.•K.iwor  <  .  Ir;  ft:r  NH-?  i  ressuro  of  20  torr  and  cavity  detuning  of  f.*)  radiins. 


Pi  I.  ■)•-(•  j  1  l  r  I  rff'irilino  '■>f  t  rrjnnmi  t  tf-rl  signal  together  with  resultant  trace  for  simu)  tatu-i;>us 

r<  .'c.r  ling  f  input  and.  t  t  asisrii  1 1  ••d  signals  for  a)  empty  cavity  and  b)  and  c)  givity  with 
;  If  it  f  ri'.u-nire  1 1.  r  r  <’*’1*  lencth  I"  cm  pumped  at  iu.f  pm. 


•rime  '  f  t  h*^-  g  a shvirti-g  ^l•.an  the  round  trip  time  of  the  cavity.  Here  the  use  of  I'liffer  gas  is  e?nvir>aaed. 

In  c-  ri  •  I  ii'i  1  on ,  o'ir  rd'servat  ions  of  2tp  oscillation  period-doubling  to  4tp  and,  over  a  more  limited 
raram<^tor  ranu*^  ,  .'/Up,  4/ltp  modulation  and  aperiodic  pulse  shapes  in  NH3  gas  confirm  the  predicted 
h'^havi!  Ar  ‘if  th\s  system  and  gapj>ort  the  conclusion  that  we  have  driven  an  all  optical  2-level  system 
through  sc'illation  chaos.  Already  of  use  as  a  passive  optical  modulator  f2tp  -  IOC  MHz)  of  pulsed 

signals,  prospects  for  mo<lulation  in  the  gigahertz  range  are  promising.  The  possibility  of  generating 
th*‘Sf  effects  iinder  cw  conditions  in  comjiact  systems  is  suppiorted  by  our  observations  of  strong  optical 
hy^ter‘'si  in  this  system  by  using  which,  along  with  many  other  molecular  gases,  exhibits  low 

sa t  ura t  1 '  ri  intensity, 

Tliis  work  is  sufiported  by  the  Science  and  Digineering  Research  Council,  and  in  part  by  the  European 
JoiiAt  <'t{:tical  Bistability  programme.  I.A.A.  acknowledges  assistance  from  the  Government  of  Iraq. 
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DISdSSION 


Vl.Weiss,  US 

I  wonder  whether  you've  tried  any  asymmetric  molecule  like  partially  deuterated  ammonia  (N 1120  or  NDyH)  Which 
should  permit  you  to  use  it  at  a  variety  of  w  avelengths'.’ 

,\uth<ir's  Reply 

liven  with  ordinary  ammonia  NU  r  we  ve  actually  achieved  simihir  results  on  probably  four  or  fisc  transitions.  I  hc 
incentive  of  going  to  deuterated  ammonia  is  probtibly  not  there  on  that  basis.  We've  found  that  the  results  I  ve  shown 
here  are  in  fact  quite  general  for  off-resonance  exeitation  of  transitions,  not  only  in  ammonia  but  other  molecules  as 
well. 


■I.W.Haus,  US 

This  chaotic  output  you  mentioned  as  you  tuned  through  the  Irequency  —  it  looked  intermittent  to  me.  not  really 
chaotic.  There  were  some  areas  w  here  it  lookeil  nearly  the  same,  then  it  would  glitch  a  bit.  then  look  the  same  again  lor  a 
while.  That's  also  e.vpected  in  the  Ikeda  theory  Could  it  have  tumped  over  the  chaotic  region  and  into  the  intermittent  ’ 

.Author's  Reply 

It's  difficult.  Uecause  these  are  actually  pulse  experiments  one  is  actually  taking  Ikeda's  analysis  and  applying  a  dynamic 
situation  to  it  anvwav.  And  as  you  probablv  know  it  is  quite  difUcult  to  unravel  the  basic  signs.  Computer  analysis  is 
involved  in  solving  the  Ikeda  equations  so  in  unravelling  the  basic  structures  at  a  quantitative  level  is  quite  tricky. 

J.W.Haus,  US 

We  analysed  the  Ikeda  equations  for  v  arious  cav  ity  detunings  m  this  ring  cavity.  We  found  that  we  had  a  coexistence  ol 
steady-state  lower  state  with  a  period-2  upper  state  m  bisi.ibility  between  them.  That  was  possible  with  an  appropriate 
cavity  detuning.  Do  you  think  you  d  be  able  to  distinguish  anything  like  that',’ 

.Author's  Reply 

Pulse  experiments  —  again,  probably  not.  T  ven  in  some  ol  the  traces  I  showed  today  you  tend  to  gel  a  sw  itching  eflect 
where  the  oscillation  sometimes  occurs  on  the  upper  branch,  although  in  others  at  lower  pressures  you  can  actually  get 
a  small  degree  ol  oscillation  on  the  lower  branch;  then  it  switches.  There's  a  difficulty  in  unravelling  again  v|ualit;itive 
features  of  this  type  m  |iulse  experiments.  In  a  cw  experiment  your  control  parameter  could  be  your  laser  intensity  so 
you'd  actually  operate  on  the  lower  branch,  look  for  instabilities  and  then  increase  the  intensity  to  switch  up  and  then 
hope  to  see  the  msiabihlies  again.  This  is  happening  aiitomalically  m  a  pulse  experiment  where  you  have  a  ramp  in 
intensity  of  yotii  input  signal  and  then  a  virop.  So  you  have  this  difficulty  . 


I.W.Haus.  I  S 

\\  hat  about  tiansv  else  cllecls'’  Moloney  has  made  a  lot  o|  calculations 

Author's  Reply 

A  es.  We  haven't  as  vet  seen  in  ratifievi  those  pievlictions.  but  thm  we  h.iven  i  been  sampling  with  an  aperture  the  p.irls 
ol  the  spatial  cross  scctioii  ol  the  output  beam.  VS  e've  been  collecting  the  whole  signal  Moloney  has  been  conceniralmg 
on  V  a  nous  regions  of  the  cross -section  of  the  output  signal. 


■I.K.Carroll,  UK 

What  is  vour  theoretical  sw  itching  speed  .iiid  what  is  the  relationship  ol  that  speed  to  the  question  ol  obsei  v  mg  eh.ios  ' 
The  point  Tni  making  here  is  that  it  was  too  slow  I  doubt  that  you  coiilil  observe  chaos 

Author's  Reply 

Our  switching  limes  in  St  i,  are  ol  the  oriler  of  nanoseconds  or  so  which  in  fact  were  longer  than  the  round  trip  of  the 
cavity,  and  therefore  we  ihd  not  see  hifurcalion  to  chaotic  emission  In  ammonia  the  response  times  of  the  medium  weie 
the  order  of  nanoseconds  and  possibly  slightly  less  under  all  pressure  coiulilions  and  thus  considerably  less  than  the 
round-trip  time  of  the  caviiv  The  switching  speeds  would  have  therefore  been  faster  because  they  re  essentially 
determined  by  Ihc  cav  iiv  finesse  and  the  input  power  of  the  laser  signal 


•I.E.T  arroll.  UK 

(  ouldn'l  this  have  been  the  problem  m  your  Tinal  experiment  where  you  didn  I  observe  chaos  in  your  much  shorter 
cavity'.’ 

Author's  Reply 

Indeed  That's  what  a  bad  cavity  system  is  -  that  the  response  time  of  your  medium  is.  in  fact,  actually  longer  than  the 
round  trip  of  your  cavity 
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S.D.Sniilh,  I'K 

^  ou  oMiiipolatctl  the  Ircciucncios  lnmi  the ohserved  roiindaboul  iiaiKisceiiiids  time',  up  ic  1 :'  (  dl/  It  mie  ueie  i. .  t.ike 
It  a  bit  lurthei  atid  question  whether  you  could  reach  1  011  (il  1/  the  practical  application  ol  ii  ssoiild  be,  ol  ionise,  ih.ii 
that  frequency  could  be  controlled  simply  by  controllinji cavity  lengths.  I'hal  seems  to  be  sery  good  because  it  it  could 
make  a  clock,  it  could  drive  computers  and  processors.  As  Andy  Walker  will  show  later,  we  re  already  seen  .Mil/ 
modulation  with  gain:  that  can  also  be  extrapolated.  One  could  speculate  whether  or  not  one  could  reach  I  (M I  ( ill/ 
because  it  you  could  it  could  get  beyond  I  think  the  electrooptic  modulator  Irequencies  ,\nd  then  it  really  would 
become  interesting  for  frequency  mixing  type  experiments,  and  devices,  ol  course. 

.Aulhors's  Reply 

W  ell,  we  re  already  speculating  to  say  we  might  be  able  to  get  to  I  .x  Cillz  let  alone  higher  It's  ditticull  because  one  s  got 
to  understand  the  molecular  physics  here.  We  think  we  understand  it.  lb  do  it  you'd  have  to  go  to  very  high  pressure 
multiatmosphere  pressure,  in  which  case  the  absorbing  molecules  would  make  up  a  very  small  part  ol  the  total  pressuic 
of  the  sy  stem.  You'd  have  to  add  a  buffer  gas  to  it.  I'he  problem  you're  faced  vv  ith  is  the  uncertainly  ol  w  hat  s  going  to  be 
the  dependence  on  pressure  of  the  saturation  intensity.  It  is  going  to  requite  extremely  high  input  powers  to  achieve  the 
necessary  nonlinearity.  What  I  might  just  point  out  is  that  the  mechanism  we  re  talking  about  is  a  vibrational  rotational 
transition  in  the  molecule.  So  that's  a  ground  vibrational  level,  that's  a  first  excited  vibrational  level  —  that  box  and  that 
box  are  the  rotational  levels  w  hich  are  being  coupled  by  the  radiation  off-resonately .  There  is  nevertheless  a  strong 
interaction  of  population  between  the  pump  transition,  the  optically  excited  transition,  and  the  reservoir  of  population 
in  the  other  remaining  rotational  states.  "The  effects  we've  been  talking  about  are  dictated  by  relaxation  times  associated 
with  this  transition  here  and  here.  The  transfer  of  population  from  the  bath  to  the  pump  level.  That  is  a  rotational 
relaxation  process.  If  we  re  trying  to  go  cw  we  must  have  a  complete  recirculation,  and  then  we  re  dictated  by  the 
slowest  rate  constant  w  hich  is  a  Vl  ( process  which  is  the  order  of  microseconds.  In  order  to  make  //lor  extremely 
short  you  have  to  go  to  extremely  high  pressures.  Now  this  opens  up  the  question  that  we  still  have  to  answer:  w  hat 
happens  to  effects  of  saturation  intensity.  And  even  so.  the  arguments  I've  given  here  are  quite  simplistic  because  they  re 
still  specific  to  2-level  systems  which  are  terrific  in  quantifying,  again  as  1  say,  the  ikeda  analysis  but  at  a  device  level 
you're  not  probably  going  to  go  for  those  kind  of  systems.  You're  going  to  go  for  far  more  complicated  molecules  which 
exhibit  very  strong  absorption  cross-sections  —  large  a<>'s  —  which  exhibit  low  saturation  intensities.  Shn  is  just  a  ty  pical 
example  of  many  —  VC/y,  SiFq  —  there  arc  stacks  of  them  which  are  far  superior  in  these  criteria  in  comparison  w  ith 
ammonia.  There's  a  lot  of  work  to  be  done  on  that  to  determine  it.  But  our  results  at  this  stage  are  positiv  e  in  confirming 
that  modulators  can  he  made,  and  in  fact  the  system  that  we  have  at  the  moment  is  already  useful  as  a  dev  ice  sy  stem. 
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SLWIARY 

An  experimental  nonlinear  optical  waveguide  device  is  described  which  comprises  a  glass  optical  waveguide 
surmounted  by  CSt .  Intensity-dependent  hysteresis  in  the  power  guided  by  the  structure  has  been  observed 
which  is  related  to  the  intcns i ty-dependent  refractive  index  of  the  overJayer. 


I .  INTRODUCTION 

It  has  been  shown  bv  Smith  et  that,  under  certain  conditions  of  excitation,  the  interface  between 

an  optic.il ly  linear  and  a  nonlinear  medium  demonstrates  reflection  characteristics  that  exhibit  hysteresis 
as  a  tunction  of  tlie  incident  light  intensity.  Interest  in  the  nonlinear  interface  centres  on  its 
pv'tcntial  application  in  very  fast  optical  switching  and  logic  elements,  for  which  it  is  hoped  to  utilise 
tbv  s'lbpicosvcond  response  times  of  optical  material  nonlinearities.  In  Che  experiments  reported  here, 
t!u'  surface  i>f  a  planar  optical  waveguide  is  contacted  to  a  nonlinear  medium  to  produce  a  nonlinear 
intvrtacv  in  a  simple  waveguide  format.  It  is  anticipated  that  a  waveguide  configuration,  being  compact 
and  vapable  of  aihieving  the  high  optical  intensities  required  for  nonlinear  optics  from  a  source  of 
rolativelv  modest  power  output,  might  form  the  basis  for  a  device  employing  this  effect. 

Ue  iMVe  an.ilvsed  the  waveguide  nonlinear  interface  using  a  plane-wave  approach  similar  to  that  employed 
bv  Kapl.jn^*-’'  for  the  bulk  case.  The  analysis  shows  that  for  the  TE  modes  of  the  waveguide  a  straight- 
I’Twarl  gene  r  a  1  i  sa  r  i  en  >;!’  linear  sLib  waveguide  theory  leads  to  modes  parameterised  by  the  power  flow  in 
file  wac’eguido  in  the  nonline  ir  >.afie.  This  approach  has  some  advantages  over  the  alternative  coupled-mode 
analvsis;  in  partiiular,  it  may  be  applied  to  investigate  changes  in  the  mode  structure  near  cutoff. 

The  theory  ^hows  that  ilie  bist.ihility  predicted  by  Kaplan  emerges  as  a  bistability  in  tlic  propagation 
vonstant  ‘'i  tlu  waveguide  mode,  the  two  states  lying  in  the  guided  and  radiation  mode  regimes,  respectively. 
Iho  p"wer  flow  assnru  s  the  roll-  of  (iMitrol  p.ir.imeter  in  this  model.  We  have  not  undertaken  analysis  c'f 
!  :u'  stal'ilitv  of  the  two  stati-s,  although  a  more  recent  experimental  study  of  the  bulk  nonlinear  interfaci.' 
^'UM'ests  that  nru'  'f  the  two  sfatfp  ohs'-rved  Is  unstable  with  a  lifetime  of  the  order  10"^  times  longer 
th.ii)  the  resp(;nse  t  i  mi’  ('f  the  material  nonlinearity^^). 

Ibe  1  xpei  i ;Tie n t  iepv>rted  iiete  is  the  first  stage  in  a  study  of  the  nonlinear  switcliing  behaviour  of  this 
wiv.guivlo  strinture.  U 1 1  i  ma  t  e  I  y,  it  is  desirable  to  utilis  waves  propagating  strip  or  channel  wave- 
,111  ii-'  wlurvin  tfiv  optical  energy  is  confined  within  a  cross-section  of  a  few  pm*^  compa  ible  wicli  liigh 
pt-king  density  anri  low  powt-r  operation.  For  simplicity,  however,  the  waveguide  utilised  here  is  of 
['iii'.it  c»-.'r;ie  r  ry ,  wirfi  light  -onfined  in  only  one  dimension  transverse  to  the  direction  of  propagat  i  on . 

In  thi'-,  papir.  wv  summ.irise  the  pl.inv-wave  thei>ry  of  the  waveguide  device  in  section  2,  and  describe  the 
.  xpi  r  1 '-ifU  t  a  I  ft’a  1  i  sa  r  i  <'>n  in  srctions  t  and 

)’:.am_-u;avi  an^,vs_ij^  gf  tuk  nonlinear  wavegiide 

An  iMilvsis  i' I  IF  modi-  propagation  in  an  infinite  slab  waveguide  bounded  by  a  nonlinear  medium  has  been 
i  r?  r-  J.f'.i.  A  gcner.i  1  i  H.jt  i ''P  of  established  slab  waveguide  ihe<trv  is  desvrihiui  whicli  is  the  ovan- 
w  I'.’i  solution  of  the  nonlinear  si.alar  wave  equ.ation  given  bv  Kaplan^-^  in  his  treatment  of  reflcc- 
ti  it  a  ^'ulk  nonlif^ear  intorfacc. 

1 ‘’o  siru'  tore  under  ouns  i  lU- r  a  t  i  on  is  illustrated  in  Fig.  1.  The  optically  linear  guiding  Uayer  of  refrac- 
ivob'X  n  and,  width  i  a  is  5U]'port--d  on  a  substrate  of  refraitive  index  n_  and  overlaid  bv  a  nonlinear 
■le.ii  in  lU  refractive  index  n:.  Tfie  iionline.ir  itulex  is  itttensity  ilependent  and  described  by 

n  5  (  I  F  ‘  =  n  •  •  -  (  2n  1  +  c  p ;  '  E  1  ‘  (  M 

wben-  F  is  the  electric  field  strengtli  of  the  iipti<al  wave,  and  the  positive  optic.tl  Kerr  coefficient. 

U.  I  onsidrr  z-directod  propagation  of  a  single  TF  mode  (K-tield  parallel  to  the  waveguide)  with 


w’b.rc  •  is  the  (  1  ong  i  t  ud  i  na  I  >  {>  ropagaf  i  I’n  r»>ns(anl  .-f  t  lie  w.ive.  Solution  of  tiie  sc.ilar  wave  equal  iof:  i  •• 
rin  three  regitins  of  the  struiture  anil  appropti.itc  field  matching  at  the  boundaries  leads  to  the 
'•.i  I  i  sed  mo<le  ■  q ' la  t  i  op  f  * ) 

.f~b  .  (  v.rf^h  +  »V'h-0) 

.  ^04  h“l  .  .  v" 


t  in 


where 


V"  =  a^k^(2nift  -  A^> 

t*  =  f?  ("1^  - 
2 

b  *  +  (2niA  -  A^)k^) 


(4) 


and  k  *  2n/i^  with  X  the  free-space  wavelength,  d  is  a  measure  of  the  asyninetry  of  the  waveguide 
structure:  for  a  symmetrical  (02  =  n3)»  linear  structure,  d  •  1.  The  intensity-dependence  of  the  refrac¬ 
tive  index  n3,  enters  the  mode  equation  (3)  only  through  the  parameter  Q,  which  is  given  by 

Q  *  ia^Vt^CnjlECO)!^  (5) 


[E(0)P  is  the  intensity  at  Che  nonlinear  interface,  upon  which  both  modal  field  distribution  and  power 
flow  depend.  When  Q  ■  0,  equation  (3)  reduces  to  the  well-known  linear  waveguide  result. 

In  the  presence  of  absorption,  the  propagation  constant  becoines  position-dependent,  as  discussed  in  ref. (5). 
We  restrict  Che  present  analysis  to  cases  where  the  nonlinear  medium  is  lossless  in  order  to  preserve 
the  validity  of  the  evanescent  field  solution  in  that  medium.  In  the  experiments,  this  requirement  is 
well  fulfilled  by  the  nonlinear  material  used,  CS2,  at  a  wavelength  of  1.06  pro. 

A  range  of  waveguides  are  considered  in  the  present  work  and  these  lie  in  the  asymmetry  range  d  ■  (5,10) 
typically,  with  v  <  1.  We  illustrate  the  power  dependence  of  the  normalised  propagation  constant,  b, 
in  Fig.  2  for  d  *  10,  v  «  1.  For  a  CS2  overlayer,  Pnorm  4  .  10^  W.cm  this  is  obtained  by  solving  Che 

mode  equation  (3)  parame terised  by  Q  and  then  calculating  the  associated  power  flow. 

Qualitatively,  it  may  be  seen  that  with  increasing  power  flow,  the  refractive  index  in  tht  nonlinear 
medium  is  progressively  increased  to  a  value  at  which  the  waveguide  ceases  to  confine  the  propagating 
mode.  The  effect  on  the  modal  field  distribution  is  shown  in  Fig.  3  for  the  same  waveguide  parameters 

d  *  10,  v  a  1,  as  in  Fig.  2.  From  equation  (3)  it  follows  that  this  cut-off  point  occurs  when  v^b  ■  Q 

in  the  nonlinear  case  with  guided  modes  restricted  to  the  range  v^b  >  Q.  The  wave  equation  also  admits 
plane  wave  solutions  corresponding  to  radiation  modes  of  the  waveguide  and  these  exist  so  long  as 
bv^  <  2Q.  Provided  that  Q  is  non-zero,  the  two  regions  overlap.  At  the  bulk  nonlinear  interface,  it  is 
the  reflectivity  chat  exhibits  hysteresis  with  incident  intensity  as  control  parameter  and  angle  of 
incidence  as  an  order  pararaeter^^) ,  por  the  waveguide,  it  is  nature  of  the  mode  that  exhibits  hysteresis, 
being  guided  or  radiated  as  described  by  the  propagation  constant  S,  and  in  this  case  the  control  para¬ 
meter  is  the  power  flow  down  the  guide,  with  the  guide  geometry  taking  the  role  of  the  order  parameter. 

In  reality,  the  plane  wave  solution  is  not  expected  to  be  stable  in  the  nonlinear  medium^^^:  however, 
hysteresis  has  been  shown  to  exist  for  the  bulk  nonlinear  interf ace^^^ ,  and  so  it  might  be  anticipated 
that  these  results  would  offer  a  similar  degree  of  qualitative  agreement  with  experiment. 

3.  EXPERIMENTAL  yA\'EGUIDE  DEVICE 

Experiments  were  performed  using  carbon  disulphide,  CS2*  as  the  nonlinear  medium.  CS2  has  a  high  non¬ 
linear  coefficient  and  fairly  well-established  optical  properties.  The  experimental  device  requires  the 
waveguide  surface  in  contact  with  the  nonlinear  medium  to  have  a  refractive  index  lower  than  the  over- 
layer  by  an  amount  on  the  order  10"^  ideally,  at  low  intensity  excitation.  Although  some  degree  of 
tuning  of  the  CS2  index  can  be  achieved  by  adjusting  temperature  or  dilution,  there  remains  the  require¬ 
ment  that  a  material  be  identified  capable  of  forming  a  waveguide  of  low  propagation  loss  and  refractive 
index  matched  to  this  index.  Additionally,  the  waveguide  must  support  only  a  single  propagatinr  mode 
(to  avoid  potential  problems  with  interraode  coupling)  and  be  capable  of  withstanding  the  relatively  high 
power  densities  demanded.  All  of  these  requirements  can  be  met  by  utilising  an  optical  waveguide  formed 
by  ion-exchange  in  glass. 

Waveguides  formed  by  exchanging  monovalent  cations  in  a  glass  substrate  with  cations  of  a  different 
species  in  a  molten  salt  are  we  1 1-known^^^ .  In  addition  to  their  capability  for  low  propagation  loss, 
typically  <0.5  dB.cm'*,  their  surface  refractive  index  can  be  varied  continuously,  with  good  control, 
by  adjusting  the  concentration  of  the  exchange  cation  in  the  molten  salt,  a  property  of  particular 
significance  for  the  present  work.  The  ion-exchange  technique  produces  a  gradient  distribution  of 
refractive  index  in  the  depth  of  the  glass  substrate,  with  peak  refractive  index  at  the  surface.  The 
dispersion  and  modal  properties  of  these  waveguides  are  broadly  similar  to  those  of  the  uniform  wave¬ 
guide  described  in  section  2,  and  the  results  presented  there  are  valid  in  this  case. 

To  facilitate  measurement,  a  mode  depth  of  a  few  urn  is  desirable,  and  to  achieve  this  simultaneously  with 
truly  monomode  behaviour  requires  a  glass  of  refractive  index  '^1. 56-1. 59.  We  have  used  two  glasses  - 
Scliott  glass  types  LF5  and  F5  with  refractive  indeices  1.5659  and  1.5864,  respectively.  Both  glasses 
possess  sufficient  sodium  to  produce  the  required  waveguides  by  ion-exchange  of  Na'*’  with  Ag+  in  molten 
AgN03.  Waveguides  were  produced  from  molten  AgN03  diluted  with  NaNO^  to  overcome  problems  associated 
with  high  silver  ion  concentrations  at  the  surfaces  of  waveguides  formed  using  the  undiluted  melt. 

Careful  control  of  the  AgN03/NaN03  ratio  enables  the  resulting  waveguide  surface  index  to  be  adjusted  to 
any  specific  value  up  to  the  maximum  achievable  using  the  undiluted  AgN03  ™elt.  Fig.  4  shows  the 
measured  surface  refractive  index  variation  with  the  melt  concentration  for  both  glasses,  established 
using  standard  techniques^^^ . 

The  refractive  index  variation  at  1.06  urn  wavelength  of  CS2  with  temperature  was  measured  using  a  hollow 
prism  spectrometer:  results  are  shown  in  Fig.  5,  indicating  a  temperature  coefficient  of  -7  .  K'*. 

Temperature  tuning  of  this  index  is  used  to  make  fine  adjustments  to  the  overlayer  refractive  index  in 
the  waveguiding  experiments. 


Fig. 6  shows  an  experimental  waveguide  device.  The  CS2  is  confined  in  contact  with  the  waveguide  sun  act 
in  a  quartz  cell  bonded  to  the  waveguide  using  a  CS^Tesi scant  epoxy  resin.  The  liquid  CS  is  injected 
into  the  cell  through  a  vapour-tight  PTFE  seal  mounted  in  the  cell  top  wall,  to  prevent  evaporation  Ic'ss. 
Light  is  injected  into  the  ion-exchanged  glass  waveguide  by  prism-couplingC 7)  before  encountering  the 
nonlineai  overlayer.  Care  is  taken  in  forming  the  epoxy  contact  between  the  cell  and  the  waveguide  t>' 
introduce  a  gentle  taper  into  the  epoxy  profile  to  minimise  loss  of  guided  optical  power  at  the  transitioi^. 
The  entire  assembly  is  mounted  in  a  temperature-controlled  enclosure,  designed  to  permit  light  input  at^d 
iiutput  coupling  and  maintain  the  CS2  temperature  within  better  than  *^O.r'C  ot  a  preset  value.  The 
partially  assembled  waveguide  cell  enclosure  is  shovm  in  Fig.  7. 

c..  EXPERIMENTAL  RESL1.TS 

Experiments  were  performed  by  prism  coupling  the  output  from  a  Q-switched  Nd-YA(;  laser  generating  nvi 
pulses  of  15  ns  duration  at  a  wavelength  of  1.06  pm.  This  beam  was  focussed  to  produce  a  I  mm  widt*  beam 
in  Che  waveguide  beneath  the  cell  containing  the  CS2  and  attenuated  by  a  range  of  optical  density  filters. 
The  waveguide  supported  only  the  fundamental  mode  in  all  regions  under  low  power  excitatii'n. 

The  experimental  arrangement  is  shown  in  Fig.  8.  A  beam  splitter  and  i>ptical  delay  is  used  to  split  off 
a  reference  pulse  from  ti  main  beam  which  is  detected  and  displayed  time-displaced  from  the  signal  pulse 
on  an  oscilloscope.  We  choose  not  to  monitor  the  guided  wave  that  emanates  from  the  end  of  the  device  .ts 
there  is  considerable  light  scattered  toward  in  this  general  direction  including  chat  radiated  from  the 
guided  mode  through  the  nonlinear  interaction:  it  is  generally  difficult  to  spatially  isolate  only  the 
guided  mode.  Instead  we  derive  the  signal  pulse  from  the  radiation  scattered  from  the  waveguide  in  the 
interface  region.  Thus,  light  scattered  and  coupled  from  the  waveguide  leaves  the  device  at  angles  that 
are  characteristic  of  the  modes  of  propagation  of  the  structure.  Light  scattered  from  the  guided  mode 
is  monitored  and  the  detected  signal  displayed  on  an  oscilloscope.  An  oscilloscope  trace  obtained  in 
this  manner  is  given  in  Fig.  9,  showing  the  signal  and  reference  pulses. 

Although  the  pulses  available  from  the  laser  are  complicated  by  possessing  some  structure  dui  to  the 
presence  of  several  longitudinal  modes,  it  is  clear  from  Fig.  9  that  the  signal  pulse  is  somewhat  narrower 
and  more  nsymmetric  than  the  reference  pulse.  The  pulses  are  replotted  superimposed  in  Fig.  10,  demon¬ 
strating  these  effects  more  clearly.  The  effect  can  be  removed  completely  by  temperature  tuning  the 
CS2  refractive  index  to  a  lower  value  such  that  the  input  power  density  is  insufficient  to  achieve 
n-i  >  n\. 

The  data  derived  from  this  experiment  can  be  replotted  to  show  the  signal  pulse  intensity  as  a  function 
of  the  input  pulse  intensity.  This  is  shown  in  Fig.  11  which  indicates  the  presence  of  hysteresis  in  the 
response.  We  have  achieved  similar  response  for  a  range  of  peak  powers  coupled  into  the  structure  and 
find  the  effect  to  be  present  above  a  certain  critical  intensity  as  expected  from  the  theory  given  in 
section  2.  It  is  somewhat  difficult  to  accurately  measure  the  threshold  intensity,  which  is  predicted 
to  be  '-1-2  x  10^^  Wem”''"  by  Che  plane-wave  theory  for  the  waveguides  used.  Allowing  for  the  coupling  loss 
and  modal  mismatch  loss  at  the  I  inear /nonl inear  waveguide  transition,  we  estimate  the  threshold  intensity 
to  be  not  greater  than  *10'^  W  cm"^. 

We  have  foijnd  that  this  effect  is  repeatable  although  the  input  pulse  structure  does  complicate  inter¬ 
pretation  of  the  measurements:  we  are  now  modifying  the  laser  resonator  to  restrict  oscillation  to  a 
single  longitudinal  mode.  Further  effort  is  now  required  to  quantify  the  process  and  make  time-resolved 
measurements . 

5.  CONCLUSION 

Intensity-dependent  hysteresis  has  been  observed  in  the  power  guided  by  an  optical  waveguide  comprising 
an  ion-exchanged  guiding  layer  in  glass  surmounted  by  CSn.  The  CS-  exhibits  a  large  positive  optical 
Kerr  creffiiient  providing  the  strongly  intensity-dependent  refractive  index  that  is  responsible  for 
the  observed  behaviour.  A  s t rai gh t forward  plane-wave  theory  gives  qualitative  agreement  with  the  observed 
behavicHir.  This  effect  should  form  the  basis  for  a  range  of  fast  optical  processing  devices. 
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FIGURE  1  (a)  PLANAR  OPTICAL  WAVEGUIDE  WITH  NONLINEAR  OVERLAYER 
(b|  RELATIVE  REFRACTIVE  INDICES  OF  THE  MEDIA 


FIGURE  2  NORMALISED  POWER  FLOW  P/Pnorm,  AS  A  FUNCTION  OF  NORMALISED 
PROPAGATION  CONSTANT,  b,  FOR  A  WAVEGUIDE  WITH  d=  10,  v  =  1 
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FIGURE  3  MODE  PROFILES  FOR  WAVEGUIDE  WITH  d  =  1 0.v  =  1 .  THE  DASHED  CURVE  SHOWS 
A  CORRESPONDING  MODE  PROFILE  FOR  A  LINEAR  GUIDE  NORMALISED  TO 
THE  SAME  INTERFACES 
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FIGURE  4  REFRACTIVE  INDEX  CHANGES  AS  A  FUNCTION  OF  MOLAR  CONCENTRATION 
FOR  ION  EXCHANGED  GLASS  WAVEGUIDES 
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FIGURE  6  EXPERIMENTAL  WAVEGUIDE  NONLINEAR  INTERFACE  DEVICE 
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FIGURE  7  PARTIALLY  ASSEMBLED  WAVEGUIDE  CELL  THERMAL  ENCLOSURE 
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FIGURE  8  EXPERIMENTAL  CONFIGURATION  FOR  DEVICE  ASSESSMENT 
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FIGURE  9  OSCILLOSCOPE  TRACE  SHOWING  INPUT  AND  OUTPUT  PULSES 
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FIGURE  10  MEASURED  INPUT  AND  OUTPUT  PULSE  FORMS 
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FIGURE  1  1  EXPERIMENTAL  PULSE  RESPONSE  REPLOTTED  TO  SHOW  HYSTERESIS 
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S  .  t^e  effect  ■■'t  r.he  ]ncal  field  correction  is  to  cause  an  inversion-dependent  frequenty  shift  in 
‘np  pquati'  ns  ..f  -m  ti  'n.  tqs.  ilOl  and  (11).  This  set  of  equations  is  quite  similar  in  form  t.-')  the 
ecuati'-ns  notion  for  the  quantized  driven,  damped  Duffing  osc  1 1 1  a  tori  4  _  j^e  only  difference  is  the 
appearance  o*"  the  factor  nt  n  in  the  last  term  on  the  right-hand  S'de  of  Eq.  (11).  Since  OB  i‘  ^nown 
t'  p'l^t  ♦or  the  classical,  driven,  damped  Duffing  oscillator^  m  the  absence  of  a  cavity  (i.e.,  feedback 
,,;t  t^e  e ! ec trnmagne 1 1  c  field',  it  is  then  also  expected  in  this  case  under  very  much  the  same  circurn- 
'•tances.  ^his  wi^l  depend  crucially  upon  the  initial  detuning  ^  ,  as  well  as  the  absorption,  i.e.,  B. 

■^ne  af'-mic  eduat'r.ns  lOi  and  Ml'i  are  solved  in  steady  state  in  terms  of  elimmatinq  n 

and  the  rpswl  ♦  is  used  in  Maxwell’s  equation  :<?}  in  the  plane  wave,  si  owl y-vary ing  amplitude  (In  time) 
limits  arq  i.smq  the  relation  S  ,i .  "^he  boundary  conditions  are  that,  at  z  -  0  . 
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here.  and  •,  are  the  reflected  and  incident  fields,  respectively,  and  k  is  the  wave  vector  for 

♦ne  'pc'den*  ‘leid.  The  details  of  the  calculations  are  presented  in  reference  10,  and  will  not  be  re¬ 
pealed  ppre 


'♦■e  mam  results  are  shown  in  Figures  1  and  B,  which  show  OB  m  steady  state  for  the  transmittance, 
as  a  function  of  the  initial  detuning  f  for  various  values  of  the  incident  field  £[  and  the  absorp- 
anrp  A  as  a  function  of  the  incident  field  Ej,  respectively.  The  transm* ttance  T  and  reflectance  R 
.me  defined  m  the  usual  way  by 
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‘  m '  n  it  'p  t  M.a  1  energy  dissipated  i  n  the  medium.  C  ''om  f  i  gure  t ,  it  is  seen  that  the  intrinsic 
i,  a:' s  ■'*p  *  1  n  -  dom  na  ted .  i.e,.  the  reflecfmr  is  small  and  absorbance  is  the  complement  of  the  trans- 
’••»’in-e  together  with  the  inversion-dependent  frequency  shift  nonl  meari  ty,  Eq.  ill)  and  initial 

r'r.g  .1^.^nendpn^e  are  all  r.ummcin  c  harac  ten  s  1 1  r  s  of  intrinsic  mirrortess  OB  due  to  absorption5'8, 10. 

:::  * miti ast-ical  Miiposcorh:  model 

■  ,eri*v  ’he  validity  ■'t  usmq  the  LF'O  as  a  cause  of  cavityless  OB  analyzed  m  the  previous  section, 

md  1'  '■-.p  •  ime  ’’me  determine  the  effect  of  f  1  uc  tua  1 1  ons  on  the  conditions  for  OB,  using  the  LFC,  wt 

r:’dp'-  m  mi'-  se"  ’  i  m  a  m  •••  r.isc.  Op  t  c.  model  where  the  local  field  drives  each  atom  and  therefore  there 
r  'h'  »  hp  tne  rpr,,;if.s  -  i  the  previous  section  are  physical,  then  the  essential  features 

mu  .  ’  v.ippm  in  mp  mom  the  mu  rr.scr.pi  c  mode!,  ^hat  is,  if  the  LFC  is,  indeed,  a  correction  neces- 

'.imu'd  “v  p  1  ••  ne  ‘r  m  the  '  cro^-cipu  tu  the  macroscopic  representation^,  then,  certainly,  the  essential 
*ei*,rp-,  \n,,i/,d  bp  •intrinsif  in  the  microscopu  counterpart.  In  addition,  we  analyze  the  effect  of  fluc- 
t  ja  r 1 " nu 

’’rp  ^iir  ,',c  :pu  m-dei  presented  rpre  is  a  semic  1  ass ical  heuristic  one  with  fluctuations.  In  this 
‘-•PT.Tien^,  wP  draw  fr-.-n  me  analogy  between  bistability  and  first-order  phase  transitions  in  that  hystere- 
1',  prpn.Knpna  are  kn.wn  to  he  subtle  features  of  stochastic  models .  It  is  useful  therefore  to  compare 
p'.'f’p’ir  fea’ures  de m rm i n t s f i c  models  as  opposed  to  stochastic  models  used  to  describe  first-order 
^  r  ,^nr-.  1  *  uin  phenomena. 

>  1p  m^'m  1  n  u.  1 1  r  nio.dels,  one  examines  the  mean  of  some  variable  that  has  nonunique  values,  whereas 

*  1  .  ’ : '  a  1  1  y .  one  prpdu^s  a  distribution  for  the  variable.  Deterministically,  then,  one  predicts 

'.evp’a'  ‘.fab'p  ‘■.fates  and  hysteresis,  where  on  the  other  hand,  the  distribution  function  for  stochastic 
Ti'  dels  has  a  unique  st  moment,  and  therefore  no  hysteresis  for  the  corresponding  mean  variable.  Hys- 
‘enp','-.  in  st^'chastir  models,  on  the  other  hand,  is  contained  m  a  bimodal  distribution  function,  Thus, 

^  higr^.-  n.gen  moment  analysis  's  needed  to  expose  the  bimodal  condition.  Thus,  the  contrast  between 
de  ♦enm  ^  n  ’  s  r  •’ r  models  representing  a  first-order  phase  transition  and  stochastic  models  is  that  detemiin- 
mcdpls  give  rondi^inns  for  bistability,  whereas  stochastic  models  give  rise  to  bmodality. 

Our  model  ronsists  nf  a  limited  number  of  two-level  atoms  which  obey  decayless  Bloch  equations.  The 
♦•eM  amplitude  F.  at  atom  i  is  given  by 


and  t  IS  the  absorption  coeftioient  and  ^  is  thp  wavpl^ngth  nf  light  in  va^uur.i 
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SUMMARY 

’he  local  field  correction  (LFC)  is  used  to  eliminate  the  local  field  in  the  macrosccipic  semiclassi- 
-'ai  density  matrix  for  a  collection  of  homogeneously-broadened,  two-level  atoms  interacting  with  the  radt 
a^ion  field,  which  is  described  by  Maxwell's  equation.  The  system  of  equations  is  solved  in  steady  state 
with  the  boundary  conditions  for  a  plane  wave  normally  incident  on  the  dense  absorbing  medium  of  p’^npaqa- 
tion  length  much  less  than  a  resonance  wavelength.  Optical  bistability  ,0B}  is  predicted,  based  up?n 
adiabatic  nr  steady-state  conditions.  As  a  test  of  the  validity  of  the  predictions,  results  are  reported 
using  a  semi c 1  ass i cal  heuristic  microscopic  model  with  fluctuations  for  a  collection  of  a  finite  number 
Ilf  electric  f i el d-dr i ven ,  two-level  atoms.  In  this  case  no  LFC  is  needed  and  none  is  made;  however,  OB 
IS  observed  C'^nsistent  with  the  predictions  from  the  steady-state  macroscopic  model. 


INTRODUCTION 

1  2  3 

Ml  rr.'srl  ess  optical  bistability  {06)  was  predicted  by  Bowden  and  Sung  and  by  Bowden  ’  ,  using  a  fully- 
quanM?ed  model,  for  a  collection  of  two-level  atoms  in  a  small  volume,  driven  by  an  externally-applied 
'aser  field.  A  first-order  phase  transition,  i.e.,  switching,  was  predicted  due  to  interatomic  correlation 
.la  the  electromagnetic  field.  Another  suggestion  for  cavityless  OB  was  discussed  by  Flytzanis  and  Tang'^, 
who  used  a  classical  model  based  on  the  driven,  damped  Duffing  oscillator.  Recently.  Hajtci  and  Janossyh 
observed  OB  in  amorphous  GeSe^  due  to  increasing  temperature- i nduced  narrowing  of  the  bandgap.  More  re¬ 
cently,  MillerCi  and  cn-workers  observed  mirrorless  OB  m  a  GaAs/GaAlAs  quantum-well  semiconductor  caused 
by  increasing  absorption.  Similar  results  were  observed  by  Oagenais  and  SharfmT  in  CdS.  Conditions  for 
mirrnrless  OB  based  upon  nonlinear  absorption  were  proposed  by  Henneberger  and  Rossmannf^. 

further  systematica) ly  investigate  causes  and  conditions  for  cavityless  OB  we  have  treated  the 
rase  for  the  effect  of  the  local  field  correction  (LFC)'^  in  a  macroscopic  semiclassical  model  of  two-level 
atoms  driven  by  a  local  fieldlD.  Although  of  completely  different  mechanism  than  any  of  the  cases  cited 
above,  the  OR  which  is  predicted  is  characterized  by  large  absorbance,  i.e.,  the  state  of  large  absorption 
/  corresponds  fo  low  transmission,  just  the  opposite  of  the  conditions  for  high-Q  cavity  OB^^.  In  the  de- 

velo.pment  of  lur  model we  draw  heavily  upon  the  work  of  Van  Kronendonk  and  Sipe^  and  their  interpreta¬ 
tion  of  the  origin  of  the  LFC  as  the  necessity  for  removal  of  an  atom's  self-field  from  the  macroscopic 
field  in  the  interaction,  in  passage  from  the  microscopic  to  the  macroscopic  semiclassical  models.  We  find 
thai  rp^r.na  tori  ess  OB  is  possible  from  the  macroscopic  semiclassical  apprnac^'^O,  due  to  the  LFC*^  for  par¬ 
ticular  conditions  of  detuning  of  the  incident  field  from  the  atomic  transition  for  a  suitably  dense  medi¬ 
um  -j  1  tw'-  level  a  toms . 

The  purpose  sf  this  paper  is  to  present  results  of  calculations  for  mirrorless  OB  derived  fr..>m  a  mic- 
ipir.  statistical  model  in  which  the  LFC  is  not  needed^  and  therefore  is  not  made.  This  is  done  to  test 
the  re<-,  j]  ts  of  the  macroscopic  model  and,  as  we  show,  the  results  confirm  the  existence  of  resonatorless 
OB  in  a  rollpct.inn  ot  two-level  atoms  driven  by  an  externally-applied  field.  Our  results  suggest  that  ex¬ 
periments  be  '■..nduc.tpd  on  suitable  moterials  to  study  the  phenomenon  which  is  both  of  profound  fundamental 
siqniMrance  as  well  as  potentially  useful  in  the  applied  sense. 

The  next  senfinn  will  be  used  fn  present,  our  macmscnpic  model'^  and  to  briefly  discuss  the  main  re¬ 
sults  for  mirrorless  OB.  ^hen  in  Section  III  we  present  the  model  and  main  results  of  our  microsrnpir, 
statistical  treatment  The  final  section  is  used  for  discussion  and  summary. 

II.  MACROSCOPIC  MODEL  AND  LOCAL  FIELD  CORRECTEON 

In  the  microscipu  theoT-y  nf  electromagnetism,  the  force  on  an  atom,  labeled  by  the  integer  m  .  is 
d  .e  to  the  field,  denoted  by  E  , 


j  Y  r? 


where  is  the  incident  field,  the  Pj  are  the  polarizations  of  atoms  j,  j  -  1,?,...,N,  j^m.  The  Green's 
functions  Cjm i  are  the  l.pnard-Wei chart  potentials  and  take  into  account  the  geometry.  The  absence  of  m 
in  the  sum  in  Eq.  (1)  stems  from  the  removal  nf  the  self-field  of  atom  m  and  appears  in  the  theory  as 
natural  relaxation  and  spontaneous  emission. 

fn  the  usual  passage  to  .macroscopic  electromagnetism  the  self-field  is  reintroduced  in  the  form  of 
Maxwell's  equation,  which  for  isotropic  media,  is 


ft-IO 


H.M.Gibbs,  US 

Spcctroscopisis  dislike  Fabry-Perot  fringes;  ihey  try  very  hard  to  avoid  them  and  often  AR-coat  samples.  So  if  you  look 
at  speetroscopy  experiments,  you  should  not  sec  Fahry-Pcrot  fringes.  There  are  two  experiments  on  copper  chloride 
using  etalons:  Levy's  group,  Honerlage,  etc.  in  Strasbourg  and  ours;  both  of  us  go  to  great  pains  to  make  sure  that  we 
have  Fabry-Pero  fects. 

Author's  Reply 

But  again  in  these  experiments  which  1  was  referring  to  there's  never  any  word  about  antireflecting  coatings.  So  I'm  up 
in  the  air  —  1  don't  know  if  they  did  it  and  didn't  say  anything  —  what  would  be  the  explanation'’ 


C'.KIingshirn,  Ge 

Just  a  comment;  the  quality  of  the  surfaces  of  the  copper  chloride  platelets  is  to<i  bad  to  see  Fabry-Perot  modes,  and 
therefore  you  may  have  to  do  artificial  things  to  get  at  least  a  little  bit  of  Fabry-Perot  modes.  Other  materials,  like 
cadmium  sulphide,  grow  with  perfect  Fabry-Perot  modes  without  any  additional  coating  or  something  else. 


DISC  I  SSION 


C  .Klingshim.Cic 

I  haM.'  a  question  concerning  the  group  velocity.  You  eliminate  from  your  calculation  the  spatial  dispersion  by  assuming 
lor  the  cxciton  and  biexciton  an  effective  muss  of  infinity  as  compared  to  the  actual  values  of  about  2.>  m„  and  5  ni,,. 
respectively ;  this  disregards  the  k  dependence  of  the  excilon  resonanee  of  the  biexciton  and  with  this  also  the  k 
dependence  of  the  induced  resonance  around  half  the  biexciton  resonance.  Novs  if  you  include  this,  this  greatly  alters 
the  dispersion  and  especially  the  group  velixity  Have  you  any  ideas  how  this  would  inlluence  the  switching  times'.’ 

.Author's  Reply 

In  the  neighbourhood  ot  the  biexciton  resonance  of  course  the  group  velocity  would  be  much  different  from  that 
calculated  from  that  expression  —  it'll  be  even  lower,  and  so  I  expect  even  longer  switching  times  at  the  biexciton 
resonance.  Now  the  optical  bistability  has  only  been  obserxed  near  the  resonance,  and  at  the  moment  1  have  no 
explanation  of  why  that's  the  case  We  re  trying  to  think  of  ideas  why  it's  only  been  observed  very  close  to  the  biexciton 
resonance;  we  think  it  should  be  there  lar  away  from  resonance.  The  original  proposal  of  I  lanamura  was  to  get  away 
from  this  biexciton  resonance  and  the  excilon  resonance,  so  that  you  only  gel  virtual  lorm.ition  ol  bicxcitons.  and 
therefore  you'll  get  a  very  fast  switch;  that's  what  we  were  here  attempting  to  siudv 

S.D.Smilh,  I  K 

Is  there  any  reason  to  suppose  that  the  biexciton  nonlinearity  will  be  actuallv  more  efficient  than  that  w  Inch  voii  miglit 
gel  in  a  semiconductor  In  saturating  an  excilon  or  a  band  edge  oi  inducing  a  plasma  and  then  trimming  the  c.itricr 
liletimes  to  fit  to  such  a  reaction  time  ’  Miglil  tlie  system  actuallv  give  vou  a  Iviter  raoo  ol  nonlineariiv  to  absortion  ’ 

Author's  Reply 

No,  I  don't  believe  it  will  lie  betlei.  In  tact  we've  been  using  this  as  a  sort  ol  pros  mg  ground  lor  approximations  to  try  to 
develop  ways  of  handling  the  propagation  in  the  problem  to  include  these  other  effects.  So  it's  not  really  the  problem  we 
want  to  solve;  we  want  to  go  on  to  thitigs  like  gallium  arsenide  .iiul  the  nuillipic-quantum-well  structures  and  use  the 
same  sort  of  techniques  there  that  we've  developed  here  I  hose  are  much  more  complicated  models  to  solve  m  that 
case,  so  we  want  to  first  understand  what's  happening  in  copper  chloride  and  move  on  to  gallium  arsenide,  or  maybe  do 
both  at  the  same  time  to  attack  these  probictns  Ironi  the  point  ol  view  ot  the  propagation  and  swiichmg  limes.  We're 
inleresied  in  the  iransieni  dynamics. 


H.M.(,ibbs.  I  S 

A  comment  on  w  hat  I’rolcssor  Smith  just  sank  In  ( 'u( '/ the  binding  energy  is  very  high  for  the  excilon  so  ihe  saluration 
inlensiiy  is  evlremcly  large,  so  I  think  that  you  would  expect  the  nonlinearily  to  be  larger  on  the  biexciton  in  that 
parlicular  system  Hut  that  doesn't  make  it  more  attractive  that  excitons  that  have  much  lower  saluration  intensities  m 
other  systems  A  cuestion  tor  Dr  t  laus:  I'm  not  sure  what  vou  mean  when  you  say  lhal  Ihe  sensiliviiy  to  length  should  be 
considereil  in  experiments;  1  think  that  that  sensitivity  is  well  know  by  experimentalisis  —  il  you  mean  some  fraclion  ol 
.ill  instrument  width  ol  a  babrv  I’erol 

Author's  Reply 

1  hat's  precisely  what  I  mean  I  hc  i|ualitv  ol  the  surlaces  has  never  been  discussed  m  the  literaliire  I'd  like  lo  have  that 
problem  understood  I  ven  with  iiisi  the  transmission  of  light  through  a  thin  sample  or  a  ihick  sample,  there  is  never  .iny 
mention  ol  ihe  sui  lace  qualilv.  In  l.icl  I  spent  several  telephone  conversations  with  1  loyd  (  base  m  Indiana  m  the  past 
couple  ol  months  According  to  him  they  lust  grow  these  crystals,  ami  thev  look  lor  a  spot  at  which  ihev  gel  good 
transmission,  but  they  can't  realiv  sav  lhal  the  surfaces  are  high  qualilv  I  hal's  what  I  gel  Irom  the  experimentalisis 


H,\1.(,ibbs.  I  S 

( )ne  h.is  some  measure  ol  surlace  quality  because  one  can  measuic  the  experinicnial  tinesse;  one  has  some  indication  of 
Ihe  dillerencc  between  the  rellecting  finesse  and  the  .ictual  observed  linesse.  and  in  most  cases  that  s  due  lo  noiinaliiess 
A  ou  can  tell  Irom  Ihe  wedge  whelhei  that  s  a  general  gradual  iionnalness  or  vvbethei  it  has  lo  do  with  local  surlace 
irregularities 


Aulhur's  Reply 

A  es.  but  in  the  Iransmission  experiments  we  expect  to  see  these  elalon  elfecls  and  Ihey'ic  not  there  in  the  ex|'eiimenls 


H.M.fdbbs,  f  S 

II  /love  experiments  ’ 


Author's  Reply 

Well  if  vou  look  at  Ihe  Japanese  experiments  by  Shionoya.  I  believe'.’  And  Ihe  experiments  by  (  base  and  another 
Japanese  group  The  only  experiments  where  I've  seen  Ihe  elalon  effects  arc  in  these  new  optical  phase  coniugation 
experiments  ol  I  loyd  where  he  gets  oscillations  in  the  inicnsilv  as  he  sweeps  across  the  frequenev 


|MW/ciii>) 


TABU 


MATERIAL  CONSTANTS 

2 

4  IT  -  ?7 . 5  mev 

=  1.57  .  lO''**  me/'  - 

g?  ^  -rIoi-  M^/  . 

-  320? . 7  mev 

X 

6T7^.S  mev 
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We  have  chosen  mev  (i.e.,  A  ~  IS. 5  mev)  so  that  the  absorption  is  small.  Also,  -  .9  has 

been  chosen  tn  reduce  the  contribution  from  absorption  and  enhance  the  dispersive  contribution.  For  these 
values,  the  EX,  SVEA  and  MFA  give  qualitatively  identical  results.  Quantitatively,  the  SVFA  is  well  with¬ 
in  S  percent  of  the  EX  results,  whereas  the  MFA  curve  varies  as  much  as  30  percent  from  the  other  OB  curves. 
The  remarkable  agreement  between  the  SVEA  and  EX  results  is  due  to  the  choice  of  the  wave  vector  k  ,  Eg. 
(171,  and  the  fact  that  the  nonl ineari ty  which  causes  OB  in  CuC£  is  found  to  be  very  nearly  of  the  Kerr 
type  (more  will  be  discussed  concerning  this  behavior  later).  These  conditions  render  the  envelopes  in 
(16)  and  (18)  truly  s 1  owl y- varyi ng  in  the  medium. 

In  all  our  numerical  calculations  we  have  used  a  predictor-corrector  method.  For  the  results  in  Figure 

1.  40000  points  were  used  to  generate  the  EX  results.  Using  only  20000  points  resulted  in  10  percent  change 

in  the  curves.  On  the  other  hand,  1000  points  were  more  than  sufficient  in  obtaining  the  SVEA  results. 

Our  dynamical  calculations  reported  below  were  performed  with  only  100  points  and  the  steady-state  curves 
for  this  grid  differs  from  the  above  by  about  3  percent. 

A  value  for  the  incident  field  frequency  oi  is  taken  just  below  (0.2  mev)  the  biexciton  two-photnn 
resonance,  and  the  results  are  presented  in  Figure  2  for  L  =  30  pm.  To  achieve  a  condition  for  OB,  it  was 
necessary  to  use  a  much  smaller  value  for  than  for  the  previous  cases.  If  08  in  CuC?  is  strongly  sen¬ 
sitive  to  tuning  near  the  two-photon  resonance,  as  has  been  suggested^  and  might  be  anticipated  from  the 
field  dependence  of  the  denominator  m  Eq.  (9),  we  would  expect  to  observe  a  large  hysteresis  in  Figure 

2,  as  compared  to  the  previous  cases.  As  observed,  there  is  only  weak  OB  indicated.  Again,  the  SVEA  and 

MFA  results  are  in  qualitative  agreement,  but  quantitatively  the'^e  is,  as  for  the  other  case  treated,  a 

discrepancy  of  almost  30  percent  between  them. 

The  absence  of  sensitivity  of  QB  in  tuning  near  the  two-photon  biexciton  resonance  strongly  suggests 
a  Kerr*  type  behavior  of  the  nonlinearity,  contrary  to  what  has  been  previously  suggested^.  For  further 
discussion  on  this  matter,  the  reader  is  referred  to  reference  6. 


The  set  of  Eq,  (18)  and  (2?a-c)  were  integrated  numerical ly  wi thout  adiabatic  el imi nation  wi th  Y ^  - 
.03  mev,  otherwise  conditions  were  identical  to  those  given  in  Figure  1.  The  dynamical  behavior  of  the  sys¬ 
tem  near  the  turning  points  for  the  SVEA  curve  of  Figure  1  is  depicted  in  Figure  3  as  the  input  field  Is 
slowly  increased^^.  As  indicated,  the  switch-down  time  is  approximately  80  psec  and  is  approximate! y  equal 
to  the  switf.h-up  time,  This  is  in  direct  contrast  to  the  prediction  of  reference  14  which  predicts  a 
switching  time  on  the  order  of  picoseconds.  This  discrepancy  stems  from  the  use  of  adiabatic  elimination 
of  the  exciton,  biexciton  and  exc i ton-biexc i ton  variables.  The  conditions  for  adiabatic  elimination‘s  of 
atomic,  variables  were  not  satisfied  for  OB  m  CuC£.  The  switching  times  correlate  very  closely  with  the 
polariton  lifetime  in  the  material.  Since  the  material  is  highly  dispersive,  the  group  velocity  of  the 
polaritons  is  about  12  times  smaller  than  the  phase  velocity  at  =  3177  mev.  The  group  velocity  deter¬ 
mines  the  relaxation  time  of  the  cavity  and  is  the  dominant  slow  mode  of  the  system.  This  effect  was  not 
accounted  for  in  previous  work^^.  Furthermore,  we  can  infer  that  the  switching  times  will  become  dra¬ 


matically  longer  closer  to  the  exciton  resonance  because  the  group  velocity  is  inversely  proportional  to 
Using  this  argument  at  ...  =  3186. 2  mev  and  I  ^  10  pm,  Che  switching  times  will  be  about  4  times  longer 


and  at  =  3196  mev,  the  switching  times  will  be  about  2S  times  longer. 


IV.  rONCEUSlONS 


Predictive  results  for  model  calculations  m  OB  for  excitonic-biexci  tonic  CuCf'  have  been  presented 
in  this  paper  and  comparative  analysis  was  made  between  the  results  for  EX,  SVEA  and  MFA  calculations. 

We  find  good  quantitative  agreement  between  the  EX  and  SVEA  results  and  the  MFA  results  show  good  quali¬ 
tative  agreement  only.  Hence,  the  latter  can  be  used  for  qualitative  interpretation  of  the  SVEA  and  EX 
numpr i ral  results. 


close  agreement  between  our  SVEA  and  £X  results  is  very  much  dependent  upon  our  choice  of  the 
wave  vector,  (11).  to  minimize  the  spacial  variation  of  the  envelopes,  (15)  and  (16).  This,  together 
with  the  independent  introduction  of  the  background  value  for  the  dielectric  function  into  the  SVEA,  Eq. 

20),  through  the  constitutive  relation  we  feel  is  unique.  We  know  of  no  other  treatment  of  the  SVEA 
similar  \r,  this  reported  in  the  literature.  It  is  to  be  emphasized  that  the  introduction  of  into  the 
SVEA  through  the  constitutive  relation  is  absolutely  essential,  on  physical  grounds,  to  obtain  the  proper 
value  for  the  phase  velocity  appearing  in  (18).  The  strong  agreement  between  the  SVEA  and  EX  results 
^  r  steady-state  conditions  gives  credibility  to  our  use  of  the  SVEA,  Eqs.  (20)  -  (22a-c),  to  numerically 
calculate  the  switching  times,  without  using  adiabatic  elimination.  Since  the  excitons  strongly  couple 
to  the  photons  and  have  a  large  dispersive  contribution,  the  group  velocity  is  significantly  changed  from 
the  phase  velocity  and  determines  the  eventual  escape  time  of  the  photons  from  the  medium. 


Furthermore,  we  have  demonstrated  in  the  results  shown  in  Figure  2  that  the  nonlinearity  in  ex- 
r 1  ton  1 r -b 1 exc 1  tom c  Cuf?  which  causes  08  is  of  the  Kerr  type.  This  suggests  further  experimental  investi¬ 
gations  of  OB  in  CuC?  for  incident  laser  tuning  on  either  side  of  the  two-phuton  biexciton  resonance. 
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where  the  last  equation  follows  from  the  first  two. 

Using  the  transformation  presented  above  in  Eqs.  (7),  we  arrive  at  the  closed  set  of  equations 
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+  g,t*  -  [t'B^  ♦  e:,Bv] 


?t 


i(A-iYm)B^  -k 


3?  t^B'^F  *  Bfbg] 


S-r  *  92  E->v 


i?Fb,c  ; 


where  'j  =  F,B  and  (j  takes  the  opposite  subscript.  Here,  n  =  and  A  -  k:^  -  2’‘  and  we  ha^e  neglected 

triple  frequency  contributions. 


The  equations  (20)  -  (2?)  are  appropriate  for  discussing  dynamical  beiiavior  and  stability  conditions’, 
as  well  as  the  steady  state.  For  our  purposes  here,  however,  we  focus  our  attention  on  the  steady-state 
solutions  to  these  equations. 


The  steady-state  solution  for  the  set  of  equations  (22)  gives 
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From  (3;  ,  (5)  and  (16),  Eqs.  (23)  can  be  used  to  eliminate  the  polarization  terms  on  the  rhs  of  Eq.  (20^ 
in  steady  state  to  give, 
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It  IS  interesting  to  note  that  if  the  last  terra  In  (23b)  were  a  perfect  square,  Eqs.  (24)  could  then 
be  analytically  integrated.  However,  this  is  not  the  case,  so  we  proceed  with  numerical  solution  of  Eqs. 
(24)  with  the  appropriate  boundary  ronditions^. 


in.  results  _and  discussion 

In  this  discussion,  we  discuss  results  of  numerical  integration  of  the  EX  equation,  [q,  (11),  and 
the  field  equations  in  the  SVEA,  Eqs.  (24)  with  the  appropriate  boundary  conditions^.  Comparison  is  made 
between  these  solutions  and  the  correspondinn  analytical  MFA  results  from  Eq.  (14). 

The  EX,  SVEA  and  MFA  results  for  a  sample  length  L  ^  10  pm  are  presented  m  Figure  1.  In  this  case, 
we  fixed  the  frequency  ai  -  3177  mev  and  varied  L  to  obtain  a  well-defined  OB  condition  in  the  MFA.  This 

is  why  L  =  9.986  pm  in  these  results.  For  L  ^  1  pm,  no  bistability  is  observed  in  any  of  the  approxi¬ 
mations;  this  is  a  strong  demonstration  of  the  sensitivity  of  the  OR  curves  with  sample  depth.  We  have 

chosen  a  value  for  -o  far  from  resonance  as  was  also  done  in  reference  4.  'i  is  reported  to  be  small^  and 

is  usually  taken  to  be  zero,  although  it  is  not  entirely  negligible.  Since  bothym  dnd  y^  are,  in  general, 
affected  by  impurities  and  other  conditions,  we  take  =  0.  The  values  for  Yfn  v^ry  considerably  in  the 
literature;  we  have  taken  the  value  of  -  0.30  mev  here. 
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where 

+  +  +ikx  +  +  ikx 

P  (x)  ^  Pp{x)  e  +  Pg(x)  e  .  (16; 

The  corresponding  relations  for  the  field  are  derived  from  Eq.  (3). 

At  this  point  the  wave  vector  k  remains  unspecified,  whereas  the  frequency  si  is  the  earner  frequency 

+  +  +  + 

of  the  incident  laser  field.  To  render  the  envelope  functions,  ^  *  3nd  Ep  ,  Eg  as  slowly-varying 

as  possible  in  the  medium,  we  should  choose  the  wave  vector  k  to  correspond  to  that  in  the  medium,  Eq. 
(13).  Since  k  in  (13)  is  internal-field-dependent  as  well  as  complex,  we  define  k  by  the  following. 

k  ^  k^  Re  /-loT  (17j 

where  c(o)  -  ^  0). 

The  second-order  Maxwell's  equation,  Eq.  (2).  can  now  be  reduced  to  a  first-order  differential  equa¬ 
tion  using  (IS),  (16)  and  the  standard  conditions’^.  The  resulting  equations  for  the  forward  and  back¬ 
ward  propagating  fields  in  the  medium  are. 


[cV-J] 


where  we  have  taken  the  polarization  operators  as  expectation  values,  a  condition  to  be  assumed  from  here 
on  and  the  subscript  u  denotes  F  or  B.  The  minus  sign  on  the  left-hand  side  is  taken  when  v  :  B. 

It  is  to  be  noted  that  the  last  two  terms  on  the  right-hand  side  (rhs).,of  Eq.  (18)  do  not  appear  in 

the  usual  SVEa'O"'^,  These  terms  arise  entirely  because  of  our  choice  of  k  .  In  the  usual  SVEA,  k 
is  chosen  to  be. equal  to  ,j/c.  Since  the  nonlinearity  is  large  in  excitonic  CuCt,  the  usual  procedure, 
i.e.,  choosing  k  =  ko,  would  mean  the  variables  in  fact  would  not  be  so  slowly-varying  as  to  meet  the 
criteria  of  the  SVEAlO-n, 

The  second  terms  in  the  brackets  on  the  rhs  of  Eq.  (18)  make  contributions  on  the  order  of  the  first 
terms  on  the  left-hand  side  (Ihs)  in  these  equations  via  the  constitutive  relations.  Thus,  we  can  replace 

the  time  derivative  on  the  rhs  by  the  supplementary  constitutive  relation 
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where  r ^(g  )  "  Re  c (o ) . 

The  contribution  from  the  time  derivative  of  the  higher-nrder  terms  in  r  which  have  been  dropped 
from  (19)  are  entirely  negligible  for  CuC?.  The  constitutive  relation  (19)  is  entirely  consistent  with 
our  choice,  Eq,  (17).  It  1$  to  be  noted  here  that  r(o)  in  (15)  and  (17)  contains  by  Eq.  (9)  which 
was  injected  phenomenologica Wy  into  the  model  calculation  and  is  essential  for  a  meaningful  constitutive 
relation  for  excitonic  CuCO'^. 

If  Eq.  (15)  is  combined  with  Eq.  (18),  we  have,  using  the  notation  in  Eq,  (18), 
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The  factor  onto  the  spatial  derivatives  on  the  Ihs  of  (20)  is  just  the  phase  velocity  of  the  field  enve¬ 
lope  in  the  medium.  We  have  not  included  the  small  imaginary  contribution  to  the  dielectric  constant  in 
the  definition  of  the  envelope. 

Equation  (20)  can  be  solved  with  the  appropriate  boundary  and  initial  conditions  when  Pp  and  Pg  are 
related  to  the  respective  fields  by  the  full  constitutive  relations  determined  from  the  equations  of  motion 
obtained  from  the  Hamiltonian  (1)  and  the  relations  (6). 

The  specification  of  the  appropriate  boundary  conditions  consistent  with  our  model,  to  be  used  for 
the  solutions  of  Eq.  (20)  are  discussed  elsewhere^  and  will  not  be  presented  here. 

In  order  to  integrate  Eq.  (20)  with  the  appropriate  boundary  conditions^,  we  must  determine  the 
pol ari zati ons  P^  and  Pn  from  the  material  equations  of  motion.  If  we  use  Eqs.  (15)  and  (16)  in  (5), 

r  D 

then  we  have  the  identifications 


frequency  of  the  incident  electric  field,  where  we  have  used 


(  X,  t)  =  e  (  x) 

where  x  is  the  longitudinal  direction  of  propagation  in  the  dielectric  medium  of  length  L 
The  stationary  solution  of  (2)  based  upon  (9)  and  (10)  is 
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where  ^  -^Vc  is  the  wave  number  in  vacuum,  and  we  have  dropped  the  superscripts  on  E  and  ^  for  con¬ 
venience.  The  details  of  the  solution  of  (11)  with  the  appropriate  boundary  conditions  in  terms  of  the 
incident  intensity,  as  a  function  of  the  transmitted  intensity  I  is  given  elsewhere  and  will  not  be 
reported  here. 


B .  Me  a  n  -  F  i  e  1^  ^  (MFA)  Solution 

The  MFA  often  used  in  the  literature  to  describe  OB  in  a  Kerr  medium  in  a  Fabry-Perot  cavity  avoids 
’ne  necessity  fnr  numerical  integration  by  imposing  the  ansatz, 
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w^e'-p  and  ■  are  -  'ghtward  and  leftward  propagating  components  of  the  electric  field  E  and  are 

IS  indeppnden*  *  x  Here  i  is  the  complex  wave  vector  defined  by 
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with  positive  and  negative  frequency  components,  E  and  E  ,  respectively,  is  assumed  to  be  the  super¬ 
position  of  rightward  and  leftward  propagating  monochromatic  plane  waves  in  the  dielectric  medium  and 
IS  understood  to  have  both  spacial  and  time  dependence  in  general.  The  exciton  and  biexciton  operators 
are  correspondingly  understood  to  have  k-vector  dependence  consistent  with  the  electric  field.  We  take 
the  electric  field  E  to  be  classical  and  proceed  with  the  semiclassical  model  calculation  where  the 
field  and  dielectric  are  coupled  by  Maxwell 's  equation 


where  P  IS  the  polarization  in  the  material.  In  terms  of  positive  and  negative  frequency  components. 


E  -  E  +  E 


P  --  P  +  P 


and  consistent  with  the  rotating  wave  approximation 


Thus ,  from  (4 )  and  ( 1 ) , 


P  "  ig^b  +  ig^b  B 


From  this  relation  we  obtain  the  dielectric  function'^  t 
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To  obtain  the  explicit  stationary  expression  for  (6)  requires  solution  of  the  equations  of  motion 
from  {1  )  in  the  steady  state.  The  equations  of  motion  are 
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where  we  have  added  phenomenological  relaxation  rates  and  j  for  the  excitons,  biexcitons  and 

f iel d-excl ton-bi exci ton  interaction  (FEB),  respectively.  This  hierarchy  would  close  with  the  addition 

of  a  decoupling  of  the  atom-field  moments  and  a  fourth  equation  for  (b^b  -  B^B).  However,  this  expression 
for  the  difference  of  the  populations  appears  only  in  (7c),  and  the  contribution  of  (7c)  itself  in  steady 
state  only  adds  a  small  correction^  to  the  nonlinear  dielectric  function  determined  from  (5).  Therefore, 
we  set 

■  (b'b  -  B^B)  ■  -  .  (8) 

its  thermodynamic  equi librium  expectation  value. 

A-  Exact  Solution  (E_X) 

We  proceed  by  solving  {?a)  and  (7b)  together  in  steady  state  to  obtain  the  mam  contribution  to  the 
polarization  in  Eq.  (S),  i.e.,  we  Ignore  the  small  FEB  correction  from  the  second  term  in  (S)  which  is 
consistent  with  termination  of  the  hierarchy  wi th  (7a)  and  (7b)^.  This,  together  with  Eq.  {6},  yields 
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where  we  have  replaced  unity  in  the  first  term  in  (9)  by  the  high  frequency  dielectric  constant  , 
c  represents  the  contribution  of  high  frequency  modes  in  the  medium  not  accounted  for  in  our  Hamilton¬ 
ian  Here  -  ■'  -  v-  i>  ,  A'  =  -  ly  ,  and  [E!^  ”  E*E  .  In  these  relations  c  is  the 
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SUMMARY 

The  stationary  properties  are  presented  for  optical  bistability  lOB)  from  a  sem i c  1  ass i c a  1 
biexciton  model  for  CuC"  in  the  limit  of  large  Fresnel  number.  Numerical  solutions  using  the  sec  ;nd-<'’rc!er 
Maxwell's  equation  (EX)  are  compared  with  corresponding  solutions  where  the  slowly-varying  envel-'pe  appr-n- 
mation  (SVEA)  has  been  made.  In  addition*  the  EX  and  SVEA  results  are  compared  with  the  correspond i nq 
mean-field  results  (MFA).  It  is  found  that  results  obtained  using  the  SVEA  are  in  close  quantitative 
agreement  with  those  using  the  second-order  Maxwell’s  equation  (EX  results),  whereas  the  MFA  results  are 
in  qualitative  agreement  only.  On  the  basis  of  the  close  quantitative  agreement  between  the  SVEA  anq 
results,  we  use  the  SVEA  hierarchy  of  equations  to  numerically  compute  dynamics  of  switching  as  the  inpu^ 
field  is  varied.  The  calculation  is  done  without  adiabatic  elimination,  which  is  not  valid  for  OB  m  CuC.^ 
Our  main  conclusions  are  that  the  OB  in  CuCf  in  steady  state  can  be  characteri zed  very  closely  as  a  Kerr 
type  nonlinearity  and  that  the  switch-down  time  is  approximately  equal  to  the  switch-up  time  which  is  close 
to  80  psec  at  the  laser  photon  energy  3177  mev.  The  switching  time  correlates  with  the  polariton  lifetime 
in  the  material  and  this  has  significant  consequences  for  the  switching  characteristics  in  dispe-'sive  media 


I,  INTRODUCTION 


The  subject  of  this  paper  is  the  analysis  of  steady-state  charac ten st  ics  and  dynamics  of  optical  bi¬ 
stability  using  the  excitonic  nonlinearity  in  CuCf*"^.  Here*  the  physics  of  the  excitonic  and  biexcitonic 
contributions  to  the  nonlinear  index  of  refraction  is  understood  and  a  simple  model,  which  does  not  include 
the  details  of  the  band  structure*  should  suffice  to  describe  quanti tat i vel y  the  salient  features  of  OB 
in  this  system,  Some  preliminary  experimental  results  have  demonstrated  the  existence  of  In  tm: 

work,  we  improve  considerably*  w’th  respect  to  previous  works,  on  che  calculations  of  the  output  intensity 
as  a  function  of  input  field  in  steady  state.  We  emphasize  at  the  outset  that  our  calculations  are  no.t 
intended  to  fit  any  specific  experimental  data.  Since  there  are  inconsistencies  between  some  published 
resul ts^ ’ we  vary  our  parameters  to  compare  our  results  with  other  published  works, 

previous  calculations  on  CuC?  assumed  the  dielectric  function  to  be  constant  throughout  the  cavity; 
this  is  a  version  of  the  so-called  "medn-field  approximation"  (MFA),  and  has  the  advantage  of  yielding 
analytical  resul ts^ Since  the  limit  is  idealized*  we  solve  here,  in  addition,  the  second-order 
Maxwell  equation  which  requires  numerical  integration.  This  we  refer  to  as  "exact"  (EX)  results.  In 
addition,  we  establish  the  quantitative  credibility  of  the  slowly-varying  envelope  approximation  'SVEA) 
for  our  model,  and  use  this  to  numerically  calculate  the  dynamics  of  switching  and  switching  times  for 
CuC?  without  adiabatic  elimination  of  the  excitonic  and  biexcitonic  variables,  which  elimination  procedure 
i  s  i nval id  in  this  case^ . 

3  4 

The  model  for  excitonic-biexcitonic  CuC?  which  we  use  and  which  has  been  utilized  by  others  *  is 
presented  in  the  next  section.  In  that  section  we  develop  the  framework  for  computing  the  EX  results  from 
the  model  and  the  boundary  conditions.  Next,  we  define  the  MFA  as  applied  to  dispersive  OB  for  this  model. 
Finally,  the  equations  of  motion  are  presented  in  the  SVEA,  which  are  used  to  compute  the  switching  dy¬ 
namics  and  from  which  the  steady-slate  relations  are  developed.  Section  Ill  is  used  to  discuss  the  results 
and  comparisons  for  the  EX,  SVEA,  and  MFA;  and  to  present  the  results  for  the  dynamics  and  the  switching 
times.  Our  conclusions  are  presented  in  the  final  section. 

II.  MODEL  HAMILTONIAN  AND  STATIONARY  SOLUTION 

The  model  Hamiltonian^  ^  for  CuCP  which  Is  useful  for  calculating  the  nonlinear  interaction  with 
light  for  an  incident  laser  field  tuned  near  the  exciton  nr  two-photon  biexciton  resonance,  is  given  in 
the  rotating  wave  and  electric  dipole  approximation*  by  H  -  ^  H',  where 

H  =  V  b*b  *  B*B  ,  lisi 

0  X  m 


H'  -  ig|E  b*  »  ig^f  B*b  +  h.c.  (Ih) 

Here,  R*(B)  and  b^(b)  are  the  creation  ( anni hi  1 atinn)  operators  fo  ■  the  biexcitons  and  excitons,  respec¬ 
tively,  and  and  are  the  respective  transition  energies  (units  such  that  h  •  1  are  used);  g^  and  g^ 

are  the  coupling  constants  whose  numerical  values  are  infe»  •  from  experiments.  The  electric  field  E 
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Thi'.  c  .lUiliijn  i..n'*respoads  to  nc  approximately  at  the  mid-point  ot  the  un'.table  reov.n  r.i  '-.prro- 
classical,  Jetermi  n  i  s  ti  c  bistability.  This  is  depicted  in  fiqure  ?i  which  exhibits  the  anaiytually  de¬ 
termined  deterministic  semicl assical  result  for  two,  two-level  atums^l^.  Also  indicated  in  the  fiqure, 
for  reference,  is  the  approximate  region  of  the  heuristic  study. 

figure  4  shows  the  emergence  of  the  bimodal  dependence  of  the  inversion,  fq,  (^0;,  f^.r  seven  atoms 
as  the  detector  response  time  is  increased  from  -  0,  Figure  4a,  f.i;  1,  figure  4t).  Binodality 

emerges  when  the  response  time  is  greater  than  or  approximately  equal  t.c.  the  atomic  decay  time.  The  - 

modality  appears  when  Tf  ]  due  to  the  filtering  of  the  Rabi  cycling  by  the  detector  response 

A  histogram  of  the  up  times,  ty,  and  down  times,  t(j,  sampling  during  the  time  interval  of  Figure  4 
IS  ‘ihown  in  Figure  S  for  four  different  values  for  Tf.  The  average  up  time,  l^y,  and  down  time. 
correspond i ng  to  each  value  for  Tf  as  indicated  in  the  figure,  is  seen  to  increase  markedly  as  Tf  approaches 
unity,  consistent  with  the  approach  to  bimodality  shown  in  Figure  4. 

The  inversion,  Eq.  (?0)  as  a  function  of  the  incident  field  E  for  the  conditions  for  Tf  1  and 
otherwise  the  same  as  those  of  Figures  4  and  5  is  shown  in  Figure  6  for  one  cycle.  The  bimodality  of 
the  inversion  for  a  fixed  field  condition  exhibited  in  Figure  4  is  manifest  as  a  hysteresis  in  Figure  6 

as  the  field  E  is  varied  over  one  cycle.  Further  cycling,  of  course,  leads  to  variations  m  the  hys¬ 

teresis  profile  due  to  statistical  fluctuations.  Successive  cyclings  then  comprise  an  ensemble  of  meas¬ 
urements  with  correspond! ng  statistical  variations. 

IV.  conclusions 

We  have  shown  that  the  LFC  applied  to  the  semiclassical ,  macroscopic  Maxwel 1 -Bloch  formulation  causes 
OB  in  steady-state  in  the  absence  of  any  resonator  or  optical  feedback  condi tions^O,  The  hysteresis  is 
absorbance-dominated  as  shown  in  Figures  1  and  ?,  i.e.,  the  overall  reflectivity  is  negligible,  which  is 
sufficient  evidence  that  the  OB  is  independent  of  any  optical  feedback.  This  is  consistent  with  the  fact 
that  the  thickness  of  the  macroscopic  material  is  much  smaller  than  a  wavelength  of  the  illuminating  laser, 
This  was  necessary,  since  the  density  requirement  for  OB  corresponds  to  an  optically  opaque  material. 

Thus,  the  propagation  aspect  of  the  problem  is  actually  an  optical  "skin  effect". 

Furthermore,  we  have  shown  in  Section  III  that  06  occurs  in  a  microscopic  model  of  laser-driven,  two- 

level  atoms,  also  without  any  cavity  or  optical  feedback  conditions.  This  gives  credence  to  the  validity 
of  using  the  LFC  in  the  macroscopic  formulation  when  the  density  of  material  is  sufficiently  high,  i.e., 
near  that  for  solids.  Furthermore,  we  have  shown  that  the  microscopic  model  gives  OB  when  fluctuations 
are  included,  and  the  results  are  given  in  Figures  3-6. 

These  results  should  give  impetus  to  stimulate  further  investigations  into  a  wide  range  of  materials 
both  theoretically  and  experimental  1 y,  to  establish  the  kind  of  intrinsic  08  discussed  here.  We  feel  that 
further  investigations  of  this  type  are  of  profound  fundamental  interest  in  relating  microscopic  electro¬ 
dynamics  tn  the  macroscopic  and  the  origin  of  the  local  field  effect  as  well  as  having  obvious  important 
practical  imp! ications. 
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Figure  3.  Deterministic  steady-state  for  the  inversion  n  vs.  incident  field  of  amplitude  E  for  two, 
two-level  atoms  for  Re  A  =  -8,  Im  A  =  -0.46.  The  corresponding  position  of  the  parameter 
fie  used  in  the  stochastic  model  is  shown  together  with  the  E-value  and  approximate  location 
in  the  hysteresis  zone  where  the  stochastic  numerical  calculations  were  carried  out  indicating 
bimodal  dependence . 
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Figure  5.  Histograms  of  the  occurrences  of  the  up,  and  down,  t^,  times  in  the  time  interval  of  Figure 
4.  (a)  Tf  =  0.  (b)  If  =  0.25.  (c)  T^.  =  0.5.  (d)  =  1.0.  The  average  up  (down)  times 

Tu{Td)  are  given  for  each  case  in  the  figure. 


TSTH  r  -.40 
NATOH  =  7 
reA  :  Z. 33 
iaA  :  -.16 
H  --  .W<>8 
rilTR  =  t.H8 
CYCIE  r  1 
EtllR  =  1.3flMiea 
D1AX  =  7.38M08 
TCYCLE  =  le.eaasM 


1.38  1.681. 98  5.916.50  6. 88  6. 18  6. IB  6. 78  7. 88  7. 31  18 


M 110^  n>:i> 


Figijrp  Hysteresis  cycle  of  the  inversion  n(t)  vs.  incident  field  E  for  N  -  7,  ri  -  -0.4,  Re  A  - 
-  2.31,  In  A  ^  -0.46,  T  --  1.0.  '' 
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ABSTRACT 

Micron-thick  semiconductor  etalons  can  perform  logic  operations  using  iU(.ut  beams  of  a  few  raW. 
Problems  associated  with  the  parallel  operation  of  thousands  of  etalons  are  discussed.  GaAs  and  ZnS  appear 
to  be  the  moat  attractive  materials  for  low-power  room-temperature  operation. 


INTRODUCTION 

Semiconductors  are  attractive  for  all-optical  logic  because  of  their  strong  Interactions  with  light: 
■S'’?  of  an  incident  beam  can  be  absorbed  in  a  few  ym  or  less.  If  a  Fabry-Perot  interferometer  is 
constructed  containing  a  semiconductor,  the  transmitted  intensity  Ij  versus  the  Input  intensity  Ij  can 
exhibit  any  of  the  desired  logical  operations:  optical  transistor  (AC  gain),  optical  memory  (optical 
bistability),  optical  limiting,  AND  gate,  NOR  gate, 

Single-beam  or  two-beam  activation  of  a  nonlinear  etalon  could  be  used  for  very-high-speed  (*l  ps) 
switching  for  multiplexing  and  encryption.  Nonresonant  nonlinearitles  can  be  selected  with  very  fast 
recovery  times  permitting  raany-GHz  operating  frequencies.  Resonant  band-edge  nonlinearitles  in 
semiconductors  usually  have  recovery  times  governed  by  carrier  lifetimes,  typically  several  ns. 
Techniques  for  reducing  the  carrier  lifetimes  are  being  applied  to  bistable  etalons  In  an  attempt  to 
achieve  GHz-plus  frequencies,  l.e.,  sub-ns  times  between  ps  decisions. 

For  parallel  computations,  the  nonlinear  etalons  are  already  Interestingly  fast.  For  example,  10* 
operations  in  parallel  at  a  kHz  rate  is  equivalent  to  single-channel  operation  at  a  GHz  rate.  Progress 
toward  parallel  operation  using  GaAs  and  ZnS  etalons  is  emphasized  here.  Nonlinear  etalons  should  be 
useful  as  spatial  light  modulators  and  as  decision-plane  discriminators  in  correlators. 


GaAs 

a)  Bulk  versus  superlattice 

Our  GaAs  etalons  are  grown  by  molecular  beam  epitaxy  and  usually  contain  1  to  4  wm  of  GaAs. 
Sometimes  bulk  GaAs  is  used  and  sometimes  a  ^superlattlce  of  alternating  layers  of  GaAs  and  Al,^,Ga,^7As 
with  layer  thicknesses  ranging  from  50  to  350  A,  At  room  temperature,  the  free-exclton  resonance  is  more 
pronounced  in  the  superlattice,  but  the  optical  bistability  results  are  quite  similar  (same  minimum  switch- 
on  power,  similar  wide  loops  at  high  powers,  etc.).  Admittedly,  this  similarity  suggests  that  the 
mechanism  for  bistability  may  not  be  excitonlc.  However,  bistability  la  se^n  with  <_  3  kW/cra*,  which 
calculations  show  Is  sufficient  to  give  a  large  enough  refractive  index  charige  for  bistability  If  the 
mechanism  Is  excitonlc  but  not  if  it  is  band  filling.  The  explanation  for  the  similarity  is  under  study, 
but  may  be  as  follows.  Background  absorption  ag  (from  the  band  tall  which  is  filled  or  saturated  only  at 
considerably  higher  intensities)  prevents  on-resonance  purely  absorptive  bistability.  Dispersive 
bistability  can  only  occur  for  large  enough  detunings  so  that  ag  Is  small  enough.  Operation  may  be  forced 
even  farther  off  resonance  by  the  fact  that  the  exclton  absorption  does  not  decrease  at  all  frequencies  as 
the  Intensity  Increases;  the  absorption  first  increases  and  then  decreases  as  the  intensity  is  increased 
for  Aa  I  to  3  ( A  =(  vgx"'*)/® VjTjj  where  vg^  is  the  frequency  of  peak  exclton  absorption,  v  is  the  laser 

frequency,  and  5vg^  Is  the  exclton's  half-width  at  half-maximum].  With  A>3,  the  exclton  absorption  has  to 
be  very  nearly  saturated  to  obtain  an  Index  change  adequate  for  bistability.  Before  swltch-on  is  reached, 
the  superlattice  exclton  absorption  profile  Is  broadened  and  its  peak  reduced,  so  that  It  appears  much  like 
the  bulk  profile.  Then  for  higher  intensities,  the  bulk  and  superlattice  etalons  behave  similarly. 
Perhaps  a  thorough  understanding  of  this  similarity  will  lead  to  lower-power  .peratlon  using 
superlattices;  meanwhile,  the  only  Incentive  for  using  a  superlattice  is  the  ability  to  tune  the  exclton 
wavelength  by  varying  the  GaAs  well  thickness.  This  has  permitted  room-temperature  operation  of  a 
bistable  ^talon  \i8lng  a  diode  laser.* 


b)  Parallel  operation 


For  parallel  operation  of  many  beams  on  the  same  etalon.  Individual  pixels  may  be  defined  by  the 
focal  spots  themselves,  or  by  etching,  or  by  proton  damage.  Several  factors  must  be  considered  In 
designing  etalons  for  parallel  operation:  crosstalk  via  diffraction,  diffusion,  and  luminescence;  thermal 
limitations;  uniformity  in  thickness;  etc. 

Numerical  simulations  In  one  transverse  dimension^  and  In  two  transverse  dimensions’  show  that  beams 
separated  by  three  or  more  spot  diameters  function  without  crosstalk;  i.e.,  if  all  of  the  surrounding  spots 
are  switched  “on**  simultaneously,  the  spot  In  question  remains  **off.’'  Those  calculations  assumed  a 
defocuslng  nonlinearity  and  a  Fresnel  number  of  order  one  to  assure  whole-beam  switching.  Thus  crosstalk 
via  light  diffraction  would  permit  arrays  of  3~um  spots  separated  by  10  pm,  for  example. 

Experiments  In  GaAs  etalons  illustrate  that  carrier  dlf fusion  can  Impose  larger  separations.  When 
lasing  was  observed*  in  4-u®-thlck  GaAs  etalons,  some  critics  questioned  that  carriers  excited  at  the 
entrance  face  would  diffuse  across  the  sample.  However,  recent  measurements  show  that  carriers  can 
diffuse  tens  of  pm.’  If  a  pixel  separation  of  less  that  100  ym  Is  desired,  it  can  be  achieved  In  at  least 
two  ways.  One  way  is  to  define  individual  pixels  by  removing  material  between  pixels  by  plasma  etching  or 
by  proton  damaging  the  same  material.  In  the  latter  case,  the  carriers  would  recombine  In  the  damaged 
Inter-plxei  material.  A  second  method  is  to  reduce  the  carrier  lifetime  within  the  pixel,  possibly  by 
removing  the  top  AlGaAs  window  leading  to  fast  surface  recombination  or  by  proton  damaging  the  entire 
etalon  leading  to  fast  bulk  recombination.  Research  on  reducing  the  carrier  lifetime  without  increasing 
the  operating  powers  is  underway;  if  suceasful,  It  will  remove  the  problem  of  crosstalk  by  diffusion  as 
well.  Hope  for  success  is  based  on  the  fact  that  the  exclton  lifetime  at  room  temperature  is 
subpicosecond,*  so  reduction  of  the  carrier  lifetime  from  several  ns  to  100  ps  or  less  need  not 
necessarily  reduce  the  exclton  lifetime. 

Luminescence  may  also  result  in  crosstalk  between  pixels.  In  an  array  defined  by  etching,  light 
diffraction  perpendicular  to  the  plane  and  the  solid  angle  factor  may  make  the  crosstalk  acceptably  low. 
If  not,  the  Inter-plxel  space  can  be  filled  with  an  absorbing  material. 

Thermal  problems  do  not  have  solutions  as  simple  and  straightforward  as  those  for  crosstalk 
problems.  Both  bulk  and  superlattice  etalons  have  shown  optical  bistability  with  less  than  10  mW  cw 
Incident.  Crosstalk  considerations  above  suggest  that  lO-ym  separations  are  reasonable,  resulting  in 
10*  pixels  per  cm*.  If  each  pixel  is  illuminated  by  10  mW  and  roost  of  that  light  is  absorbed  in  the  pixel, 
then  10  kW/cm*  must  be  removed  from  the  crystal.  Heat  removal  of  100  W/cm*  is  common  for  electronics;  I 
kW/cm*  is  conceivable,  but  10  kW/cm*  Is  highly  unlikely.  Thus  the  separation  must  be  increased  or  the  duty 
factor  reduced  to  O.l  or  0.01.  For  many  applications,  cw  operation  should  not  be  needed.  If  the  etalon  is 
used  as  an  array  of  NOR  gates,’  for  example,  a  logic  decision  can  be  made  in  1  ps.”  The  device  is  then 
allowed  to  recover  In  total  darkness;  this  requires  5  to  10  ns.  If  each  logic  operation  can  be  performed 
using  I  to  10  pJ  per  pixel,  10*  plxela/tm*  can  be  operated  at  100  MHz  to  10  MHz  to  keep  the  thermal  load 
at  100  W/cm*.  Recently  we  observed  NOR  gating  in  a  GaAs  superlattice  (76A  wells)  with  5  to  1  contrast  and 
>40  pj  absorbed  In  a  »20  um  spot.”  Hopefully  device  Improvements  will  result  In  lower  energy  dissipation. 
A  10-MHz  rate  is,  of  course,  exceedingly  fast  compared  with  the  iO  to  100  Hz  operation  of  the  spatial 
light  modulators  used  in  most  current  parallel  optical  processors. 

Uniformity  of  thickness  Is  needed  so  that  the  etalon’s  peak  transmission  frequency  is  Independent  of 
position  on  the  etalon.  In  the  first  GaAs  devices  a  “very  flat"  device  always  had  at  least  a  one-order 
thickness  variation  across  a  I -mm-dlameter-etched  region.  By  using  two  extra  stop  layers,  devices  were 
constructed  with  a  small  fraction  of  an  order  of  variation.'*  Reactive  plasma  etching  promises  even 
flatter  devices.”  So  far,  flatness  has  been  limited  by  etching  techniques  rather  than  by  growth 
imperfections.  Plasma  etching  is  also  attractive  because  it  can  produce  almost  vertical  walls.  Already 
GaAs  arrays  have  been  etched  on  samples  unsuitable  for  bistability:  5x3  urn*  pixels  separated  by  10  pm  and 
1  “um-dlameter  cylindrical  pixels  with  3-ym  spacing. 


ZdS  and  ZaSe  IN*^eRFBRENCE  FILTERS 

Karpushko  and  Sinitsyn”*”  were  apparently  the  first  to  observe  passive  optical  bistability  in  a 
semiconductor  using  nonllnearltles  of  the  ZnS  intermediate  layer  of  a  dielectric  Interference  filter.  The 
shortest  conceivable  optical  resonator  would  have  a  length  of  X/2n,.  These  devices  are  almost  that  shoiL, 
having  a  nonlinear  layer  only  X/n,  thick,  i.e.,  0.22  um  for  their  514.3-nm  filter.  Using  ZnS,  they  have 
seen  lO-us  switching  times  and  4kW/cra*  swltch-on  Intensities.  At  first  we  failed  to  reproduce  those 
values;”  our  commercial  5l4.5-nra  Interference  filter  showed  msec  switching  times  and  required  about  b 
kW/cm*.  Also  a  "damage"  effect  shifted  the  peak  of  the  etalon’s  transmission,  presumably  because  water 
vapor  was  driven  from  the  filter  by  heating;  the  vapor  and  peak  returned  gradually  In  several  months. 
This  damage,  which  may  have  been  associated  with  glue  holding  on  a  protective  glass  cover,  is  not  seen  in 
new  unprotected  filters  grown  by  the  Thin  Films  Group  at  the  University  of  Arizona.  Furthermore  <10  us 
switching  times  and  30  kW/cm*  intensities  have  been  seen  in  the  new  filters. 

There  is  still  uncertainty  about  the  origin  of  the  optical  nonlinearity.  Karpushko  and  Sinitsyn” 
attribute  it  to  two-photon  photorefraction  which  they  state  occurs  in  thln-fllm  but  not  bulk  material. 
Our  observations  show  that  both  the  sign  (positive)  and  response  times  of  the  nonlinearity  are  consistent 
with  a  thermal  effect.  The  fact  that  bistability  has  been  observed  at  468,  514.5,  and  632.8  nm  using  ZnS 
filters  points  to  a  nonresonant  tnechar.lsm.  Preliminary  results  yield  faster  responses  and  lower  powers 
the  shorter  the  wavelength.  Perhaps  further  research  will  lead  to  lower  powers  and  faster  times. 

Regardless  of  origin  of  the  nonlinearity,  the  ZnS  Interference  filters  are  attractive  iOr  parallel 
operation.  The  thin  films  are  produced  by  evaporation*  a  standard  and  relatively  Inexpensive  technique 
resulting  In  only  a  few-nm  variation  In  the  peak  wavelength  across  a  5-cm-8quare  filter.  An  array  of  10* 
spots  with  10  mU  per  spot  could  run  cw  with  no  more  than  100  W/cm*  heat  load  on  such  a  filter  assuming 
25 1  absorption.  Of  course,  that  would  require  10  kW  of  optical  power  (at  the  etalon)  and  2.5  kW  of  heat 
to  be  removed. 
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SUMMARY 

GaAs  etalona  and  ZnS  Interference  filters  are  both  attractive  for  multiple-beam  nonlinear  optical 
signal  processing.  Clearly  it  is  highly  desirable  to  reduce  the  switching  power  and  heat  generated  in  each 
pixel.  Mea  while  the  present  values  are  low  enough  to  pursue  the  other  problems  of  generating  multiple 
beams  and  developing  useful  architectures. 
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DIStLSSION 


T 

S.D.Smith,  UK 

C  ould  you  clarify  the  latest  state  of  intensity  required  for  the  OaAs  bistability  and  nonlinearity David  Miller  said  at 
one  point  that  he  was  getting  a  saturation  ol  the  exciton  at  a  much  lower  intensity  (like  1 0  or  I  (It)  times  lower)  than  the 
intensity  at  w  hich  bistability  was  being  observed,  thus  putting  in  some  doubt  whether  the  exciton  really  had  anything  to 
do  with  it  at  all. 

Author's  Reply 

I  he  bistability  intensities,  when  we  u,se  large  beam  diameters  in  order  to  avoid  carrier  diffusion,  are  of  the  order  of  I  to 
}  kilowatts  per  square  centimetre.  The  kinds  ol  saturation  intensities  that  he  has  measured  and  that  we  actually 
measured  at  low  temperature  are  of  the  order  of  lt)l)  or  I  5(1  watts  per  sq.  centimetre.  These  are  somewhat  different,  but 
there  are  a  couple  of  things  to  remember.  The  saturation  data  were  taken  on-resonance;  we  are  forced  to  operate  off- 
resonance.  The  other  feature  is  that  when  one  deduces  as  low  as  100  watts  per  sq.  centimetre  one  does  an  analysis  to 
conclude  w  h.it  the  plane  wave  value  would  be.  In  fact,  people  use  Ciaussian  beams;  if  you  look  at  this  data,  for  example, 
and  just  ask  the  simple  question:  here  is  absorption  and  it  goes  to  a  very  low  value;  at  w  hat  intensity  does  it  fall  to  one 
halt  of  its  value  ’  It's  of  the  order  of  a  kilowatt  per  sq.  centimetre.  Basically  if  we  take  hii  data  it's  perfectly  consistent 
with  ours  when  we  take  into  consideration  the  Ciaussian  profile  and  the  fact  that  we  operate  off  resonance.  And  so  we 
believe  that  the  mechanism  is  excilonic.  not  that  we  care  a  great  deal  in  Ihe  sense  that  it  works,  and  we  ll  lake  whatever  it 
is;  but  one  would  like  to  understand  w  hy  one  can't  do  belter  in  Ihe  sense  that  if  one  could  get  rid  of  background 
absorption  and  come  in  closer.  So  we  are  trying  to  make  that  case  light  and  convincing  in  the  sense  of  doing  a  careful  job 
of  modelling  of  what  our  system  really  looks  like,  and  then  one  can  always  hope  that  the  model  will  lead  to  improvement 
if  one  understands  what  the  limitations  are. 


A.C.Walker.  UK 

Can  we  ask  the  question  about  the  interference  fillers  —  we  pointed  out  that  we  did  not  appear  to  sec  strong  nonlinear 
effects  in  purely  zinc  sulphide  systems.  You  are  seeing  them;  have  you  tried  doing  the  reverse  as  we  did  and  that  is  look 
at  a  ZnSc  device? 


Author's  Reply 

Yes.  we've  looked  at  ZnSe;  we  see  bistability,  and  it  is  not  very  different  from  ZnS;  but  il  lakes  a  little  bit  higher  powers 
and  the  response  times  were  a  little  bit  slower  at  the  wavelengths  (b.52.8  nm)  where  we've  operated.  There  are  no 
dramatic  differences.  I  do  not  understand  why  you  would  not  see  il  in  zinc  sulphide. 


A.C.Walker,  UK 

We  probably  would  if  we  went  to  higher  intensities.  I  would  say  our  experience  is  the  reverse;  that  for  some  reason  Ihe 
ZnSe  seems  to  he  Ihe  more  nonlinear  medium  at  this  wavelength  (5  14.5  nm). 

Author's  Reply 

hor  /.nSe  we've  used  a  6.52. K  nm  interference  filter  with  .5.7  nm  bWHM  which  showed  51)  gs  switch-on  and  75  gs 
switch-off  times  with  76  kW/cm  intensity.  A  5 1 4.5  nm  /,nS  interference  filter  with  5  nm  bandw  idth  gave  1 1)  gs  switch- 
on  and  2(1  gs  switch-off  limes  with  70  kW  cm'. 


A.Millcr,  UK 

All  your  work  on  GaAs  has  been  done  on  MBF.  grown  material.  What's  Ihe  prospect  do  you  think  of  using  MOC'VD 
grown  materials? 

Author's  Reply 

(iood,  I  think.  We  re  going  to  try  an  MOC'VD  sample,  so  hopefully  we  ll  know  before  loo  long.  I  think  the  exciton 
features  are  there.  I  think  it's  a  question  of  whether  you  can  make  them  flat  enough  so  that  you  can  see  nice  etalon  elects 


Unidentified  speaker; 

A  quest  for  clarification  rather  than  a  question  as  I'm  new  to  the  subject,  but  why  is  Ihe  power  per  pixel  constant  rather 
than  the  power  density  required  for  the  effect,  I  would  expect  intuitively  for  it  to  be  dependent  on  t  le  power  density 
Could  you  perhaps  enlarge  upon  this'.’ 

Author's  Reply 

When  one  takes  an  etalon  and  lakes  a  beam  that's  smaller  than  about  25  microns  in  diameter,  as  you  focus  the  beam 
more  tightly  you  find  that  il  takes  essentially  the  same  power.  You  might  have  guessed  that  it  takes  Ihe  same  intensity,  so 
when  one  changes  that  diameter  by  a  factor  of  three  instead  of  seeing  a  reduction  of  a  factor  of  6  in  the  required  |tower 
one  finds  it's  almost  exactly  the  same  What  we  believe  is  happening  is:  when  you  focus  lightly,  the  carriers  (w  hich 
remove  the  exciton  contribution  to  Ihe  index  and  give  Ihe  index  change)  diffuse  out  rapidly  to  a  larger  diameter.  When 
you  try  to  focus  tightly  you  still  fill  up  the  same  volume  with  the  carriers.  And  so  in  order  to  supply  Ihe  same  number  of 
carriers  per  unit  lime  for  that  volume  il  takes  the  same  powei  regardless  of  how  tightly  you  focus.  It  you  define  a  small 


pixel  so  lhai  they  cannot  diffuse  out  lo  larger  diamcicrs  then  fine,  hue  il  won't  go  bistable  at  all  unless  you  l()eLjs  tightb 
enough  (hat  you  put  ail  the  power  into  the  pixel  because  vou  will  still  lose  them  t<i  surface  reeombinaiion.  I  H)ni  thai 
little  region's  point  of  view  it  can't  tell  the  difference  whether  they  diffused  out  to  large  diameter  s  or  vshether  ilie\ 
recombined  at  the  surface.  But  yxiu  do  gel  the  tradeoff  that  it  switches  more  rapidlv  rather  than  being  slovs  and  still 
requiring  high  power. 


ALL-OPTICAL  LOGIC  GATES  WITH  EXTERNAL  SWITCHING  BY  LASER  AND  INCOHERENT  RADIATION 


S.n.  Smith,  F.A.P.  Tooiey,  A.C.  Walker,  J.G.H.  Mathew,  M.  Taghizadeh  and  B.S.  Wherrett 
Department  of  physics,  Heriot-Watt  University,  Riccarton,  Fdinburqh  EH14  4AS ,  U.K. 


Summary 

Optically  bistable,  and  related,  devices  have  been  demonstrated  to  exhibit  input /out;  ut  characteristic 
which  permit  their  use  as  all-optical  logic  elements  and  raise  the  possibility  of  all-optical  signal 
processiriq.  External  switching  with  both  coherent  and  incoherent  radiation  has  been  demonstrated. 


1.  Introduction 


Over  the  past  few  years  there  has  been  a  rapid  development  in  the  use  of  optical  techniques  for  commun 
ication  and  information  processing.  Most  successful  of  these  has  been  fibre-optics  technology,  now  increas 
ingiy  penetrating  communications  networks  throughout  the  world.  Other  optics  based  technologies ,  currently 
being  developed,  include; 

(i)  acousto-optic  devices  {often  in  an  integrated  plariar-waveguide  format),  for  radar  applications  etc.; 

(ii)  Fourier  optics  techniques  for  image  enhancement  etc.,  and 

(ill)  nciiUinear  convolution  or  correlation  systems,  for  pattens  recognition  etc. 

These  latter  tecliniques  all  rely  upon  an  analogue  processing  approach. 

A  new  technology  is  now  emerging  based  around  the  p>henoinenon  of  optical  bistability.  This  aims  at 
developing  all  optical  digital  techniques,  equivalent  to  conventional  digital  electronics  but  taking 
advantage  of  the  ability  of  a  single  beam  of  light  to  carry  independent  information  in  a  parallel  manner. 
Furthermore,  with  the  processing  rate  of  microelectronics;  rapidly  becoming  restricted  by  (RC  limited) 
communication  times  between  logic  gates,  rather  than  gate  switciiing  times,  an  optical  divjital  processor 
could  achieve  unprecedented  data  handling  rates. 

2 .  Optical  Bistability 

Optically  bistable  devices  rely  on  some  form  of  optical  nonlinearity  combined  with  a  mechanism  for 
pc.’Sitivo  feedback.  The  nonlinearity  can  be  eitlier  absorptive  or  refractive  while  the  feedback  can  be 
pruvidod  by  ai'i  optical  cavity,  the  int-rinsic  properties  of  the  material  (e.g.  themal)  or  even  the  nature 
of  the  nonlinearity  itself.  These  characteristics  combine  to  give  a  rapid  switch  in  transmission  atid/cr 
reflection  at  a  critical  input  irrarliance  with,  if  truly  t'islabie,  hysteresis  between  tho  switch  'on'  and 
switch  'off'  irradiance  levels.  For  this  p>henomenon  tc  be  exploited  within  the  field  of  information 
processing,  compact  solid-state  devic'es  operating  at  low  powers  are  essential.  These  were  successfully 
demonstrated  in  iy7<4  by  two  groups,  working  indepondemti  y,  at  Heriot-Watt  University  using  InSb  (1)  and 
at  E^ll  l.aboratories  with  GaAs  (2)  (see  .Smith  et  al.,  paper  1,  ibid.). 

InSb  is  a  particularly  useful  material  in  that  bistable  devices  ca;i  be  made  which  may  be  held  lonn- 
term  in  either  state,  thus  successfully  ijermitting  tho  denujnstratton  of  a  range  of  logic  operations  base-i 
upon  the  two  possiblf?  out'  it  levels.  This  contrasts  with  GaAs  in  which,  as  a  result  of  the  ratio  of  non¬ 
linearity  to  abiorption  being  c.nside rably  smaller,  damaging  thermal  effects  arise  due  to  the  higher  power 
loaamqs  required. 

^ '  Al 1 -Optical  Logic 

An  input- ( transmi t ted)  output  character i st i c  exhibiting  optical  bistability  is  shown  in  Fii.  la  uni, 

-IS  indicated,  it  can  be  seen  to  act  as  a  memory  element.  By  adjusting  the  initial  detuning  from  resol^  in  .o 
'  f  the  ilevice,  the  curves  in  Figs,  lb,  c  and  d  Ccin  be  obtained.  These  single  valued  characteristics  can 
form  tlie  basis  of  a  variety  of  logic  gates.  Fig.  lb  shows  how  a  single  element  can  act  as  either  an  ANP 
'  r  on  OR  piato,  depending  on  the  initial  bias  condition.  (Inverted  outputs,  giving  NAND  or  NOR  logic 
.rerat.uns,  are  obtained  from  the  rf?flt?cted  signal).  In  addition  amplifier  and  limiter  action  can  be 
riif.nned  as  in  Figs.  Ic  and  Id. 


We  have  demonstrated  all  these  mtxies  of  operation  using  InSb  etalons,  cooled  to  8S  K  and  i  1  lun-.iiiated 
riiilliwatt  {.xswer  CC  laser  radiation  (S.'S  gm)  (3).  This  includes  sicinal  amp»i  i  f  ication  in  the  t  rrAnsphast  r 
»’rati  in  mole  of  over  lo"^.  Recently  two  bistable  elements,  spaced  O.S  mm  apart  on  a  single  InSb  chip), 

,vt.  br>e:i  linked  to  form  a  simple  optical  circuit.  Fig.  2  shows  the  basic  layout  (lower  leTt).  Roth 
operated  jn  reflection  and  exhibited  the  input/output  characteristics  shown  (t^.p).  ihe 
■  *  D  t  i .  jfi  from  late  1  was  cii  rectf.*<]  at  gate  2,  which  was  already  biased  close  to  t)ie  switch  j'cint.  71ie 
-M-jt  fr-m  •<‘>cond  gate  is  plotted  against  the  input  to  the  first  (lower  right).  This  overall 

ir'  ii*  r  ■ 'i!  ,  ;iven  app  rop' r  i  1 1**  biasing  of  the  input  gate,  demonstrates  an  XNOP  liMiic  f  ir.ct  i  <  >ti ;  whih^ 
Mr:?  b-:ti»'r.t  is  ?'hen  acting  as  an  XOR  gate. 


:'w!  '  Ling  with  Conerf'nt  Light 


[I.  !  i 

j* ;  r 


'  ;  T  swit^hir.  ;  those  Inbb  logic  devices  with  5.r>  ;im  -•  ..g  ulls  a  nufnber  of  othrg  inr  iif  wcvi. 

’*ni5  b-yed,  wtiilu  still  retaining  the  CO  laser  output  is  thf  holding  beam.  In  princi;  1 
•u  r  r  t  nan  tho  I  an<ig,ir  will  generate  free  carriers  anu  initiate  switching  as  a 

f  r  1 1  i r»'fracaive  index  chanoe.  We  have  successfully  used  1.  t  i;ni  Masor  ii'  df'i  , 

N-’  .ic-'i.'  a.'id  l.iV'  ;jT]  (NdiYAti  laser)  radiation  in  this  manner  (Smith  ('t  eil.  <  ■}  i  '  .  In  th»' 
w«  •  iv‘  wn  f-x  pe  r  im*’i!  t  a  J  1  y  (h'l  that  such  logic  rlevices  can  be  switched  usini  a  picc'- 
i  tM',.  ;  li  ;*  *b’js  ar  t  mg  as  a  single  pulse  detector.  The  device  remains  switch, ed  int..  ti.e 
*  I  ]  ’ 'i*  ir.lding  t>f=ara  i in^  *-*r  rupt  evj.  Switching  ^^nergiea  of  the  order  of  fniiK-h  u  i ‘’s  haw 


been  recorded  and  it  can  be  inferred  that,  since  the  refractive  nonlinearity  can  be  arbitrarily  fast 
according  to  the  rate  of  excitation,  the  switch-up  speed  will  be  limited  only  by  the  build-up  time  for 
the  optical  field  in  the  resonator  cavity.  With  a  thickness  of  the  order  of  lOO  pm  this  is  of  the  order 
of  a  few  picoseconds. 

.  External  Switching  with  Incoherent  Light 

To  take  full  advantage  of  the  parallel  processinq  potential  of  art  all-optical  computer,  it  is  important 
tliat  direct  address  with  visible  images  be  possible.  We  have  demonstrated  that  a  simple  camera-flash 
directed  from  outside  the  cryostat  onto  a  bistable  InSb  element,  will  cause  it  to  switch  onto  resonance. 

The  external  white-light  switching  pulses  were  incident  on  the  back  face  of  the  crystal.  They  were 
generated  by  a  photoqr^hic  flash  unit  (Sunpak  3600)  and  dynamically  monitored  by  a  Si-photodiode  (Fig.  3) . 

A  typical  (reflection)  characteristic  is  shown  in  Fig.  4  for  an  InSb  etalon  with  L  =  260  pm.  In  the  input 
power  range  -1?  -  SI  mW  the  device  had  two  possible  output  states.  Firing  the  flash  unit  caused  the 
resonator  to  switcli  from  off  to  on  resonance  (see  Fig.  5). 

A  ('riticdl  flash  intensity  of  39  W/on^  was  required  when  the  device  was  biased  with  SO  mW  {1  mW  before 
switch-on  point).  Assuming  a  relaxation  time  of  'i-  loO  ns  for  carriers  introduced  in  this  manner  (5),  an 
t'ffective  external  energy  of  1  nJ  is  calculated  as  that  required  to  switch  the  etalon.  The  total  energy 
involved  In  switching  the  etalon  should  also  include  that  provided  by  the  CO  laser  during  this  time.  This 
total  cTicrgy  is  comparable  to  tliat  obserx'ed  in  other  examples  of  external  switching  of  intrinsic  bistable 
systems  by  'lamg  et  al .  (6)  and  in  the  1  pm  experiments  described  in  the  previous  section,  Seaton  et  al. 

(n)  . 

Concurrent  with  this  electronic  effect  is  a  thermal  one.  The  cibsorbed  pulse  heats  the  sample.  This 
causes  a  decrease  in  the  energy  gap  (dv/dT  =»  2  cid“^/K  at  80  K  (7)).  Consequently,  the  refractive  index 
increases  (Cardona  (0)  ,  dn/dT  =  6  x  lO”"^)  as  does  both  the  nonlinear  refractive  index  and  the  linear 
absorT'tion  coefficient  (these  changes  can  be  estimated  from  Miller  et  al.  (9)).  The  total  effect  of  all 
throe  parameters  on  the  input/output  characteristic  is  shown  by  Fig.  6.  Clearly  the  increase  in  linear 
refractive  index  is  dominant  in  a  sample  of  thickness  26o  um.  However,  in  a  thinner  sample  (I,  -  98  pm) 
the  nonlinear  part  of  the  characteristic  is  shifted  toward  the  origin  suggesting  that  the  increase  in  non¬ 
linear  refractive  index  is  dominant. 

Shifts  of  this  type  can  be  caused  by  the  heating  effect  of  the  flashlamp  pulse.  For  example,  Fig.  7 
.5;how.s  that  the  absorption  of  3  mJ/cm^  (sufficient  to  raise  the  temperature  2^K)  causes  switching  of  the 
260  iim  thick  device  from  on  to  off  resonance.  That  this  is  a  purely  thermal  effect  is  concluded  from  the 
dependence  of  the  switching  point  upor»  only  the  energy  absorbed  rather  than  flash  intensity.  The  98  iim 
thick  cavity  was  also  switched  using  this  effect.  However,  in  this  case  the  thermal  effect  causes  the 
(jtalori  to  switch  from  off  to  on  resonance. 

6 .  Vi sible  Light  Bistability 

An  alternative  approach  is  to  operate  directly  with  visible  radiation.  We  have  recently  demonstrated 
that  a  multi-layer  thin-film  interference  filter,  based  on  a  ZnSe  spacer,  can  give  a  bistable  transmission 
characteristic  (at  room  temperature)  when  illuminated  with  a  35  mW  argon-ion  laser  (514  nml  .  A  mean 
irradiance  of  250  W  cm”^  is  required  for  switching  within  the  120  um  diameter  focal  spot  and  it  responds 
in  a  few  milliseconds.  These  figures  are  consistent  with  the  underlying  nonlinearity  being  thermal  in 
nature.  Separate  switching  by  a  small  additional  514  nm  wavelength  beam  has  also  been  demonstrated. 

'Ihin-film  interference  filters  are  particularly  attractive  as  optically  bistable  or  nonlinear  devices 
as  their  production  technology  is  now  well  established  and  large  area  uniform  ccmponents  can  be  roa-dily 
fabricated.  Tlius  two  dimensional  arrays  of  all-optical  logic  elements  and  novel  display  devices  are 
amraigst  the  possibilities  that  could  be  developed  in  this  manner. 

Conclus ions 

Nonlinear  Fabry-Perct  etalons,  with  bistable  or  stepped  characteristic,  have  been  shown  to  act  as 
l-'xjic  gates  and  hence  provide  a  basis  for  all-optical  digital  computing.  Our  experimental  studies  have 
demonstrated  coupling  of  these  gates,  a  range  of  external  switching  possibilities  and  both  infrare  \  and 
visible  wavelengt)i  operation.  Ihese  successfully  show  at  the  simplest  level,  the  feasibility  of  tils 
concept.  Tlio  infrared  carrier  wavelength  and  processing  system  could  readily  utilise  an  array  of  1"'^ 
’b-ments  in  1  cm'"  of  InSb  which,  switching  in  10<9  ns,  implies  a  data-rate  of  bits/sec.  A  total 

input  power  of  the  order  1  W  would  not  all  be  dissipated  in  the  device.  In  practice  other  or.'eratint} 
wav*' lengths ,  and  hence  materials,  will  be  necessary  to  ensure  full  exploitation  of  these  techniques. 

With  the  rapidly  expanding  data  communication  rates  permitted  by  fibre-optic  networks  the  radvantages  of 
using  wide-band  all-optical  processing  techniques  in  the  link  interfaces  could  b-e  considerable.  Similarly, 
all-r>ptical  processing  of  visual  information  could  prove  extremely  effici-'nt  in,  for  example,  robotics 
apfd  Lcat  ions. 
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Pi  jiir-  .  Two  ccuploci  OB  switches  on  .a  single  InSb  element. 

Bottfjm  left:  exp>erimentai  layout. 

Top;  input/output  characteristics  of  the  two  switches. 

Bottctm  right;  input/output  character!  stic.s  of  the  combination. 

a,  b  and  c  .siiow  the  result  of  increasing  approach  of  the  initial  bias  of  switch  t.o 
it:?  switch  f*oint. 
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Figure  6.  Hie  effect  of  temperature  on  the  characteristic  of  a  a)  260  Um  and  b)  98  Vd  thick 
etalon. 


DISCUSSION 


XE.Carroll,  UK 

Bearing  in  mind  that  the  nonlinearity  is  caused  by  a  tensor  susceptibility  does  the  off  axis  or  the  different  axis  of  address 
and  bias  reduce  the  efficiency? 

Author's  Reply 

The  nonlinearities  employed  in  this  work  are  controlled  by  the  third-order  nonlinear  susceptibility  which,  unlike  the 
second-order  susceptibility,  does  not  require  the  use  of  low-symmetry  crystals,  InSb  has  a  cubic  structure,  i.e.  high 
symmetry,  and  our  ZnSe  thermally  evaporated  films  may  have  a  structure  approaching  amorphous.  Anisotropic  effects 
would  not  be  expected  in  the  experiments  we're  performing. 

H.M.Gibbs,  US 

What  are  your  switch-on  and  switch-off  times  in  zinc  selenide? 

Author’s  Reply 

I  missed  a  viewgraph.  Thank  you  very  much.  Well  there're  some  simple  experiments  which  we  did  which  just  involved 
ramping  the  power  up  slowly  and  seeing  what  the  switch  time  looked  like.  The  spot  sizes  were  perhaps  large  compared 
with  what  you  might  be  using.  For  1 00  micron  spots,  switch-on  is  about  0.5  ms  and  switch-off  about  I  ms.  For  30-|im 
diameter,  they  are  1 50  and  400  ps,  respectively.  So.  as  I  say.  this  is  the  response  to  just  a  slow  ramp  in  power  up  or 
down  in  the  hundred  microsecond  region.  Clearly  if  you  apply  a  high  peaked  power  pulse  in  a  short  time,  it  would 
switch  off  much  sooner. 
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ABSTRACT 


Since  the  beginning  of  integrated  optics  many  electrooptical  devices  have  been  demonstrated  in  a  waveguide  form. 
In  fact  high  performances  components  were  obtained  using  dielectric  material  as  substrates  and  in  particular  using 
ferroelectric  LiNbO^  crystals. 

After  a  brief  review  on  the  different  configurations  which  have  been  used  to  obtain  modulators  and  switches  recent 
progresses  will  be  presented.  In  addition  the  use  of  these  electrooptical  devices  in  optoelectronic  feed  back  loops  will  be 
described.  In  particular  experiments  realized  using  interferometric  modulators  have  shown  the  interesting  properties  of 
such  configurations  for  optical  comparison,  linearization  of  the  response  of  the  modulator  and  differential  amplification. 
Remote  control  of  an  electrooptical  directional  coupler  will  also  be  described.  Then  the  use  of  an  optical  comparator  in  a 
channel  of  an  A/D  electrooptical  converter  will  be  presented. 


I  -  INTRODUCTION 


Integrated  optics  technology  have  led  to  the  demonstration  of  many  basic  miniature  optical  components.  This  is 
particularly  true  for  the  active  devices  based  on  the  electrooptical  effect  which  gave  rise  to  very  high  performance 
devices.  As  examples  it  is  sufficient  to  recall  that  the  use  of  highly  electrooptic  substrates  like  LiNbO,,  together  with  the 
special  geometry  of  integrated  optics  permitted  to  obtain  very  low  drive  voltage  modulators  or  switches  (I,  2,  3,  4)  with 
bandwith  practically  only  limited  by  electrode  design  problem. 

It  is  then  very  attractive  to  consider  these  devices  as  basic  elements  to  realize  bistability  experiments  using 
optoelectronic  external  feed  back  loops.  This  circuits  are  to  be  considered  as  extrinsic  bistable  devices  compared  to 
intrinsic  one  where  a  "direct"  optical  non  linearity  is  used  (Kerr  effect  for  example). 

It  is  well  known  that,  to  be  able  to  build  a  bistable  element  it  is  sufficient  that  a  device  has  an  optical  output/input 
transfer  function  which  is  non  linear  with  respect  to  a  certain  parameter.  This  remark  permits  to  use  praticaliy  all  the 
electrooptical  integrated  circuit  configurations  which  have  been  demonstrated  to  date. 

To  illustrate  this  we  first  describe  some  of  our  experiments  in  bistability  using  an  electrooptic  integrated 
interferometer  and  a  directional  coupler  switch.  Then  we  will  give  an  example  of  the  use  of  a  bistable  device  as  an  optical 
comparator  in  an  analog  to  digital  converter  channel.  All  the  circuits  describ  here  will  be  realized  using  Ti  indiffusion  in 
LiNbOj 

II  -  INTERFEROMETER  WITH  FEED  BACK 


The  basic  configuration  of  the  device  is  the  standart  one  and  is  shown  in  Fig.  I.  All  the  waveguides  are  single  mode 
and  the  electrooptical  effect  is  used  to  induce  phase  shifts  between  the  two  arms  of  the  Mach  Zehnder  device.  The 
response  of  the  modulator  is  a  sinusoidal  function  of  the  applied  voltage  (two  wave  interferometer)  and  so  is  suitable  for 
the  observation  of  bistability  effects. 

As  a  basic  experiment  (Fig.  2)  a  part  of  the  output  light  is  detected,  and  the  corresponding  signal,  after  an  eventual 
amplification  is  applied  to  one  of  the  electrodes  of  the  circuit.  A  bias  voltage  is  applied  to  the  other  electrode  to  be  able 
to  tune  the  working  point  of  the  modulator.  The  out  put  of  the  device  is  then  recorded  as  a  function  of  the  input  light 
intensity  for  various  bias  condition.  The  results  are  shown  on  the  photograph  in  Fig.  3.  For  certain  bias  voltages  the 
response  of  the  device  exhibits  the  well  known  hysteresis  behavior  which  is  typical  of  bistable  operation.  As  the  modulator 
response  is  periodical  the  same  type  of  response  is  obtained  when  the  bias  voltage  increment  corresponds  to  a  phase  shift 
of  2”.  With  such  response  curve  it  is  clear  that  many  interesting  functions  can  be  performed:  optical  memory,  pulse 
shaping,  differential  amplification  ... 

An  example  of  pulse  shaping  is  shown  in  Fig.  4.  The  top  trace  corresponds  to  the  light  input  signal  and  the  bottom 
one  to  the  output  of  the  device  when  it  is  biaised  near  the  working  point  corresponding  to  V  =  IV  of  Fig.  3. 

Another  interesting  feature  is  the  differential  amplifier  capability.  The  basic  experiment  is  shown  in  Fig.  5.  The  set 
up  comprises  the  bistable  modulator  and  an  optical  source  (LED  in  this  case)  the  output  of  which  is  sent  to  the  detector. 
The  experimental  results  are  summarized  in  Fig.  6.  When  the  laser  is  switched  off  the  signal  intensity  corresponding  to  the 
LED  is  seen  to  be  40  mV  (Top  photograph).  When  the  laser  is  switched  on  the  small  signal  from  the  LED  is  able  to  switch 
on  the  bistable  device  leading  to  an  output  signal  around  2  volts  (bottom  photograph). 

The  interferometer  is  not  the  only  device  which  can  be  used  for  bistability  experiments,  an  example  of  the  use  of  a 
directional  coupler  switch  is  given  in  the  following  section. 
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in  -  THE  BISTABLE  SWITCH 


Another  device  which  is  usefull  in  integrated  optics  is  the  directional  coupler  switch.  Without  entering  into  the 
detailed  description  of  the  circuit  it  is  sufficient  to  say  that  it  is  a  four  port  device  the  output  of  which  can  be  switched 
via  the  electrooptical  effect  through  electrical  signals  applied  to  control  electrodes.  The  basic  experimental  configuration 
is  similar  to  the  preceding  one  (Fig.  7).  The  light  from  a  laser  is  coupled  in  to  one  of  the  input  part  of  the  switch.  Part  of 
the  light  coming  out  from  one  of  the  ouput  port  of  the  device  is  detected  and  fed  back  to  the  control  electrodes  (A  bias 
signal  can  be  applied  to  the  switch). 

By  varying  the  incident  light  intensity  and  by  adjusting  the  bias  point  of  the  circuit  response  curves  similar  to  those 
shown  in  the  preceding  section  can  be  observed.  A  typical  example  of  these  is  shown  in  the  photograph  of  the  Fig.  8.  The 
two  traces  correspond  to  the  two  output  ports  of  the  switch  (vertical  axis:  output  intensity)  when  the  incident  light 
intensity  is  varied  (horizontal  axis).  Clearly  the  bistable  switching  effect  is  obtained  in  this  case  leading  to  interesting 
possibilities :  for  example  the  output  port  can  be  determined  by  the  incident  light  itself  leading  to  a  remotely  controlled 
optical  switch  (5,  6). 

As  a  last  example  of  our  work  in  extrinsic  bistability  the  use  of  the  bistable  device  as  an  optical  comparator 
included  in  an  optical  A/D  converter  channel  is  described  in  the  following. 


IV  -  A/D  CONVERTOR  CHANNEL  WITH  AN  OPTICAL  COMPARATOR 


Integrated  optics  offers  interesting  possibilities  in  c^tical  signal  processing.  In  particular,  by  using  the  periodical 
response  of  the  Mach  Zehnder  amplitude  modulator  to  an  applied  voltage^  configurations  for  electrooptical  analog  to 
digital  conversion  have  been  proposed  (7).  The  main  idea  is  to  realize  N  interferometers  on  the  same  substrate  with 
electrode  lengths  equal  to  L,  2L,  4L  ...  The  electrical  signal  to  be  digitized  is  fed  to  all  modulators  in  parallel.  It  can  be 
shown  that,  a  parallel  digital  word  corresponding  to  the  analog  input  can  be  obtained  at  the  outputs  of  the  device  if 
electrical  outputs  from  the  detectors  pass  through  comparators  which  decide  if  the  level  is  above  or  below  50  %  optical 
transmission  level  of  the  modulators.  In  this  system  the  laser  source  is  pulsed  to  sample  optically  the  signal.  Holding  is  not 
necessary  as  the  conversion  time  is  at  the  limit  given  by  the  transit  time  of  the  light  in  the  circuit.  Optical  comparators 
can  be  used  instead  of  the  electronic  ones  this  can  be  achieved  by  connecting  two  electrooptic  interferometers  in  a  serial 
way.  The  second  one  is  used  to  compare  the  light  intensity  coming  from  the  first  one  and  to  decide  if  the  level  is  above  or 
below  a  predetermined  optical  threshold. 

This  experiment  has  been  performed  in  our  laboratory  using  two  Mach  Zehnder  interferometers  connected  in  series. 
The  light  from  a  semiconductor  laser  is  pulsed  at  the  sampling  rate  of  the  A/D  channel  and  the  signal  to  be  digitized  is 
applied  to  the  first  modulator.  The  second  modulator  is  inserted  in  a  feed  back  loop  the  input  light  being  the  output  of  the 
first  one. 

The  photographs  of  the  figure  9  show  a  typical  result.  The  top  one  corresponds  to  the  output  of  the  laser  when  pulsed 
at  100  KHz.  The  middle  one  is  the  output  of  the  first  modulator  when  a  symetric  sawtooth  voltage  is  applied  to  it  with  a 
peak  to  peak  voltage  equal  to  V^  .  We  recognize  the  sinusoidal  response  of  the  interferometer. 

The  bottom  photograph  corresponds  to  the  output  of  the  optical  comparator  when  it  is  biased  to  a  threshold  value  of 
50  %  of  the  maximum  input  signal. 

Photographs  of  Fig.  10  show  the  same  kind  of  results  with  sampling  frequencies  of  150  kHz  (top  photograph)  and 
1  MHz  (Bottom  photograph). 


V  -  CONCLUSION 


We  have  given  here  some  examples  fo  extrinsic  bistability  obtained  on  our  laboratory  using  integrated  optic 
electrooptic  devices.  First  we  started  by  using  a  Mach  Zehnder  Interferometer/modulator  in  a  feed  back  loop.  Various  kind 
of  functions  can  be  obtained:  optical  memory  effect,  pulse  shaping,  differential  amplification...  Then  the  directional 
coupler  is  shown  to  be  also  suitable  for  these  experiemnts  leading  to  interesting  possibilities  like  remotely  controlled 
switches.  At  last  the  bistable  interferometer  is  used  as  an  optical  comparator  in  one  channel  of  an  electrooptical  analog 
to  digital  converter. 

The  authors  thank  J.M.  ARNOUX,  A.  ENARD,  D.  PAPILLON  and  M.  WERNER  for  technical  assistance. 

These  studies  have  been  partly  supported  by  DRET  and  ESA. 
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variations  for  different  devices  (eg  the  curved  output  guides  of  a  rib  waveguide  directional 
coupler  may  require  extra  etching  to  increase  confinement  (17)). 

The  inclusion  of  a  laser  on  the  chip  considerably  Increases  its  usefulness.  Discrete 
semiconductor  lasers  have  cleaved  facets  acting  as  mirrors,  and  this  is  not  really  compatible 
with  integration.  However,  there  are  other  methods  for  making  semiconductor  lasers  which  do 
not  involve  conventional  cleaving,  and  some  of  these  are  more  suited  to  integration. 

(i)  Etched  facets.  High  quality  facets  have  been  obtained  using  etching  techniques  (86),  but 
there  will  always  be  problems  in  coupling  the  output  from  an  etched  facet  laser  to  a 
monolithically  integrated  optical  waveguide.  Fresnel  reflections  are  the  main  difficulty,  - 
reflection  loss  will  limit  the  coupling  efficiency,  and  the  reflected  light  will  cause 
spectral  fluctuations.  However,  when  a  laser  needs  to  be  coupled  to  an  external  guide  (fibre), 
or  when  a  low  coupling  efficiency  can  be  tolerated  in  an  integrated  circuit  (eg  coupling  to  a 
monitor  photodetector)  etched  facets  may  be  useful. 

(ii)  Micro-cleaved  facets.  In  this  technique,  the  active  layer  is  exposed  as  a  cantilever  by 
selective  etching,  and  then  removed  ultrasonically.  Very  low  threshold  current  lasers  have 
been  obtained  by  this  method  (87).  They  have  the  seurte  features  as  etched  facet  lasers  for 
monolithic  coupling  to  waveguides. 

(iii)  Ring  laser  (88).  In  principle  this  is  a  highly  integrable  laser,  but  it  requires  an 
output  coupler.  The  problem  of  achieving  a  ring  structure  with  sufficiently  small  radius  of 
curvature  (<100/un)  such  that  threshold  currents  are  low  together  with  achieving  low  radiation 
loss  from  the  curved  waveguide  is  a  major  limitation  to  this  method 

(iv)  Distributed  Feedback  (DFB)  laser  (89).  In  this  device  a  grating  is  incorporated  in  or 
near  the  active  region  of  the  laser;  this  acts  as  a  distributed  reflector  and  mirrors  are  not 
required.  Although  the  technology  for  making  these  complex  devices  (the  grating  period  needs 
to  be  of  the  order  of  0.25/un)  is  becoming  reasonably  well  established,  a  difficulty  arises  if 
one  wants  to  integrate  the  laser  with  a  waveguide.  This  is  because  the  laser  active  region, 
although  transparent  when  pumped,  is  absorbing  outside  the  gain  region.  Thus  a  more  complex 
structure  is  needed.  Fig  4  shows  a  simple  approach  in  which  the  basic  three  layer  DFB 
structure  is  grovm,  prior  to  etching  and  subsequent  growth  of  a  p  InP  layer  over  the  whole 
structure.  The  lower  InGaAsP  laser  confining  layer  becomes  the  waveguide  layer,  and  proton 
Isolation  could  bo  used  to  isolate  electrically  the  waveguide  from  the  laser.  In  this  simple 
structure,  the  overlap  between  the  optical  fields  is  not  optimum,  but  improved  structures  may 
be  envisaged  -  although  they  will  require  even  more  complex  epitaxial  growth. 
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FIG  4  A  scheme  for  integrating  a  DFB  laser  with  a  waveguide 

(v)  Distributed  Bragg  Reflector  (DBR)  (90).  The  structure  can  be  similar  the  the  DFB,  but  the 
gratings  are  positioned  outside  the  gain  region  in  the  waveguide  layers. 

It  is  the  latter  two  techniques  that  have  received  most  attention  -  devices  with  gratings 
incorporated  have  advantages  as  discrete  devices  because  they  operate  with  a  single 
longitudinal  mode.  The  DFB  is  probably  the  easiest  to  make  -  and  can  also  be  considerably 
shorter . 

Aiki  et  al  (91)  integrated  6  GjiAlAs/GaAs  DFB  lasers  of  different  wavelengths  onto  a  single 
chip,  using  waveguides  to  combine  the  signals  into  one  output  waveguide.  The  overall 
efficiency  was  poor,  but  this  is  the  most  ambitious  demonstration  of  the  integrated  optics 
concept.  Mertz  et  al  (92)  have  coupled  etched-facet  lasers  to  detectors  via  straight  and 
curved  waveguides,  and  although  losses  were  once  again  rather  high,  these  circuits  do 
demonstrate  the  feasibility  of  such  integration,  and  with  improved  designs  and  fabrication 
techniques,  better  performance  should  be  possible. 


Although  there  has  been  limited  work  on  the  integration  of  lasers  and  waveguides,  there  has 
been  very  significant  progress  in  integrating  electronic  devices  with  lasers.  In  one 
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applications,  but  could  be  important  if  the  Incident  optical  power  is  limited,  such  as  in 
telecomnunlcations  applications.  In  principle,  however,  it  should  be  possible  to  combine  a 
short  lifetime  with  a  reasonable  mobility,  and  this  must  be  a  technological  challenge  for  the 
future.  Past  photoconduct Ive  detectors  have  been  made  in  GaAs  (58),  and  InP  (69),  with 
response  times  typically  less  than  50ps. 

This  approach  is  particularly  attractive,  because  a  photoconductor  is  an  extremely  simple 
structure  (merely  an  optically-'sensitlve  resistor)  and  it  should  be  possible  to  integrate 
these  with  great  ease.  However,  other  detectors  may  be  suitable.  In  particular,  a  GaAs 
Schottky  device  with  a  response  time  of  5.4ps  and  a  bandwidth  of  lOOGHz  has  been  demonstrated 
(70)  and  InGaiAs/InP  PIN  diodes  have  shown  response  times  of  SOps  (71).  These  devices  are  more 
complex  than  the  photoconductor,  and  require  epitaxial  layers.  However,  they  may  give 
advantages  in  responslvity  and  sensitivity. 

7  NOVEL  STRUCTURES 

The  development  of  MBE  (molecular  beam  epitaxy)  and  M0~VPE  (metallorganic  vapour  phase 
epitaxy)  %#hich  can  controllably  produce  very  uniform  multilayer  structures  of  thicknesses 
from  a  few  atomic  layers  to  several  microns,  has  allowed  the  fabrication  of  several  novel 
structures  which  are  likely  to  facilitate  the  development  of  optical  circuits. 

The  quantum  well  (QW)  structure  (72)  consists  of  a  narrow  bandgap  layer  sandwiched  between 
wider^ bandgap  layers,  the  narrow  layer  having  a  thickness  less  than  the  de  Broglie  length 
(•*100A),  so  that  carriers  are  confin^  to  tv^'dimensional  motion.  This  results  in  the  density 
of  allowed  states  becoming  a  staircase  function,  bounded  by  the  parabolic  curve  for  bulk 
material.  This,  and  other  differences.  Influence  a  large  number  of  the  fundamental  properties 
of  the  material  such  as  the  gain  and  absorption  spectra,  tramsport  properties  and  various  non¬ 
linear  effects.  Often,  many  quantum  wells  are  stacked  together  (multi  quantum  wells,  HQWs)  to 
enhance  these  effects. 

A  variant  on  the  MQW  is  the  strained  layer  super  lattice  (SLS)  (73).  In  conventional  epitaxy, 
all  the  layers  are  usually  grown  lattice -matched  to  the  substrate  to  prevent  strain  and 
dislocations.  In  strained  layer  super  lattices  the  restriction  that  all  the  layers  must  be 
lattice-matched  is  relaxed,  but  the  layer  thicknesses  and  mismatches  are  controlled  so  that 
the  overall  strain  is  minimised  or  nulled  such  that  the  Individual  strains  are  kept  below  the 
critical  value  at  which  defect  formation  would  occur.  SLSs  are  often,  but  not  always,  MQWs, 
and  thus  have  all  their  benefits,  but  additionally  offer  a  greater  degree  of  flexibility  on 
the  choice  of  compositions  that  may  be  grown  on  a  given  substrate.  Perhaps  more  significantly, 
they  add  an  extra  degree  of  freedom  which  could  be  used  to  optimise  the  properties  of  the 
effective  band  structure  of  the  composite  material.  Details  of  the  conduction  band  auid 
valence  band  edge  might  be  changed,  and  also  effective  masses  and  thus  transport  properties. 
Additionally,  the  band  structure  can  become  sufficiently  distorted  by  the  local  strain,  that 
direct  bandgap  super  lattices  can  be  made  using  indirect  bandgap  constituents  (eg  GaAsP  on 
GaP)  (74). 

QW  structures  in  GaAlAs/GaAs  have  already  been  used  to  demonstrate  lasers  with  reduced 
threshold  currents  (75),  reduced  and  thickness  controlled  lasing  wavelengths  (77),  sharper 
gain  spectra  (76),  and  are  expected  to  show  other  benefits  (78-80).  However,  because  of  the 
effects  of  non-radiative  recombination,  particularly  Auger  recombination  (81),  it  is  not 
clear  yet  how  many  of  these  benefits  will  transfer  to  other  materials  systems,  particularly 
those  for  longer  wavelength  applications,  where  Auger  recombination  is  more  Importamt.  The 
enhanced  gain  in  MQW  lasers  will  allow  reduced  current  operation,  thus  lower  thermal 
dissipation,  and  allowing  the  possibility  of  integrating  a  large  number  of  lasers  on  one  chip. 
Threshold  currents  of  only  a  few  mA  have  already  been  demonstrated,  and  further  reductions  are 
possible.  Another  major  benefit  of  MQW  structures  is  enhanced  non-linear  effects  as  discussed 
in  section  5. 

Super latt ices  in  which  there  are  periodic  doping,  rather  than  compositional  variations,  (the 
nipi  super  lattice  (82)),  offer  a  new  range  of  tunable  properties  including  optical  gain  (83). 
ITie  tunabllity,  and  the  fact  that  the  gain  operates  below  the  band  edge  could  result  in  a 
simpler  technology  for  integrating  lasers  and  waveguides,  as  well  as  matching  emission 
wavelengths  to  particular  resonances  for  non-linear  devices,  or  in  matching  local  oscillator 
and  signal  oscillator  frequencies  for  coherent  optical  systems  (84). 

Thin  epilayers  have  also  allowed  the  development  of  new  electronic  devices,  for  example  the 
use  of  a  two-d imens ional  electron  gas  in  the  high  electron  mobility  transistor  (HEMT)  (85). 
This  should  benefit  integrated  optics  because  of  its  improved  integrabi lity  amd  performance. 

8  INTEGRATION 

Semiconductor  optical  integrated  circuits  offer  the  possibility  not  only  of  a  wide  range  of 
optical  processing  functions,  but  also  optc-electronic  and  electronic  devices  on  the  same 
chip.  The  technology  to  realise  these  concepts  appears  formidable  at  present  (see  section  9), 
but  progress  is  rapid,  and  a  start  at  demonstrating  limited  degrees  of  integration  has  been 
made. 

To  date,  the  passive  and  electro-optic  features  have  only  been  developed  to  the  'building 
block'  phase.  More  advanced  components  such  as  star  couplers,  matrix  switches,  A-D  converters 
and  others  as  demonstrated  in  LiNb03  ^*ve  not  been  made  in  semiconductors  yet,  although  with 
recent  in^rovements  in  epitaxial  techniques  end  the  fabrication  of  relatively  low-loss,  low 
voltage  waveguide  devices  recently,  progress  could  be  rapid.  In  mamy  cases  a  single  epitaxial 
layer  structure  could  be  used,  perhaps  a  variant  on  fig  2,  but  with  slight  processing 
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This  pulse  actually  consists  of  many  external  cavity  modes  locked  In  phase,  and  the  Fourier 
transform  of  such  a  coiqposlte  waveform  Is  a  train  of  pulses  of  width  approximately  t^/N  and 
period  tf  -  N  la  the  number  of  modes  locked  together.  With  a  typical  gain  width  of  lOOnm  at 
l-BS^m,  pulses  as  short  as  30fs  could.  In  principle,  be  generated  If  mode  locking  occurs  over 
the  whole  spectrum.  In  practice,  unwanted  sub-cavity  modes  imd,  ultimately,  dispersion 
prevent  this.  Bandwidth  limited  (ArxAv'O.BB)  pulses  of  IBps  have  been  obtained  (58).  The 
external  cavity  needs  to  be  quite  long  (several  cm)  to  allow  conveniently  low  pulse 
frequencies,  and  In  one  case  (65)  a  SELFOC  resonator  has  been  used  as  the  cavity.  Active 
modelocking  using  semiconductor  lasers  has  also  been  demonstrated  by  driving  the  laser  cw  and 
using  an  optical  switch  within  the  external  cavity.  Using  an  InCaAsP/InP  laser  with  a  LiNb03 
travelling-wave  modulator,  pulses  of  22ps  have  been  generated  at  7.2aHz  (36). 

In  passive  modelocking,  a  laser  with  a  region  of  saturable  absorption,  is  placed  In  an 
external  cavity  and  driven  with  a  dc  bias  only.  Although  the  mechanism  is  not  completely 
understood  yet,  the  evolution  of  picosecond  pulses  can  be  considered  as  follows  (59);  if  the 
light  intensity  exceeds  a  critical  value  it  can  saturate  the  edssorber  so  that  the  most  Intense 
light  sees  gain  on  both  passes  through  the  semiconductor.  The  gain  will  become  depleted,  thus 
truncating  the  light  pulse,  but  the  absorber  bleaches  more  rapidly  than  the  gain  depletes 
providing  a  short  period  of  not  gain.  This  process  will  continue  during  each  round  trip  with 
the  pulse  gaining  in  amplitude  but  shrinking  in  width  until  it  is  limited  by  dispersion.  Van 
der  Ziel  (59)  obtained  0.65ps  pulses,  which  was  consistent  with  dispersion  limitations.  These 
broadened  to  20ps  bandwidth  limited  pulses  %^en  an  etalon  was  Introduced.  The  exact 
properties  of  the  saturable  absorber  are  rather  important,  and  most  of  the  work  seems  to  have 
been  carried  out  with  degraded  or  damaged  semiconductor  material.  However,  by  using  a 
semiconductor  laser  with  a  split  electrode  configuration  (64)  the  aunount  of  saturable 
absorption  may  be  controlled  reasonably  well. 

There  has  been  a  large  number  of  publications  describing  lasers  which  unintentionally  produce 
sub-nanosecond  pulse  trains  at  rates  between  0.1  and  ICHz  when  driven  with  a  dc  current.  There 
are  probably  several  different  ways  in  which  this  behaviour  could  arise,  eg  saturable 
absorbers,  deep  traps  or  non-uniform  excitation  in  the  active  layer.  As,  at  present,  these 
effects  are  uncontrolled,  they  will  not  be  considered  as  useful  sources  of  picosecond  pulses. 

Picosecond  pulses  can  also  be  obtained  by  optically  modulating  the  output  of  a  cw  laser.  Using 
a  comb-generator  driven  interferometric  travelling-wave  LlNb03  modulator,  pulses  of  45ps  have 
been  achieved  (60),  and  47ps  has  been  demonstrated  using  a  LiNb03  travelling-wave  directional 
coupler  (66).  Using  a  standing  wave  resonator  to  avoid  the  limitations  set  by  the  differing 
microwave  and  optical  propagation  velocities  in  uiUtoO^,  pulses  of  19ps  at  20CHz  have  been 
produced  (67).  However,  being  a  resonant  structure  this  type  of  device  will  only  operate 
within  a  small  range  of  pulse  frequencies  near  the  resonance.  As  mentioned  earlier, 
semiconductor  travelling  wave  devices  may  allow  higher  repetition  rates  and  shorter  pulses. 
Short  pulses  can  also  be  generated  by  overdriving  optical  modulators  (61,62)  but  all  these 
methods  have  the  disadvantage  of  dissipating  the  unwanted  energy.  Thus  the  output  energy  per 
pulse  is  likely  to  be  rather  small. 

It  is  clear  that  there  are  several  methods  of  obtaining  pulses  from  0.5  to  50ps  from 
semiconductor  devices  at  frequencies  of  10^  to  lO^^Hz.  Some  of  these  methods,  in  particular 
isodelocking,  Q  switching  and  gain  switching,  are  capable  of  high  peak  powers  which  will  be 
useful  for  non-linear  applications.  Although  these  methods  are  useful  for  providing  discrete 
optical  pulse  generators,  their  usefulness,  particularly  for  optical  logic,  picosecond 
sampling  and  optical  communications  will  be  considerably  enhanced  with  monolithic 
integration.  In  principle,  lasers  may  be  integrated  (see  section  8)  either  by  using  on-chip 
facet  techniques,  or  by  using  gratings,  so  it  should  be  possible  to  realise  these  pulse 
generators  in  integrated  form.  The  integration  of  techniques  1,3,5  and  6  in  table  2  is 
conceptually  easy,  but  for  modelocking  a  relatively  long  external  cavity  is  required, 
together  with  some  form  of  bandwidth  restriction.  One  approach  would  be  to  use  a  DFB  laser, 
which  would  act  as  the  source  and  a  method  of  controlling  the  bandwidth,  with  an  integrated 
low  loss  waveguide  as  the  cavity.  A  long  cavity  will  be  needed  if  relatively  low  pulse 
repetition  rates  are  required  (5cm  in  a  semiconductor  corresponds  to  a  repetition  rate  of 
about  lOHz) .  Long  waveguides  may  be  realised  using  curved  sections  to  increase  the  packing 
density.  Clearly  there  will  be  considerably  less  problems  at  the  higher  bit  rates  where  cavity 
lengths  may  be  shorter.  Dispersion  could  be  the  dominant  limitation  to  short  pulses  in  such 
structures . 

6.2  Pulse  detection 

As  well  as  optical  pulse  generation,  it  may  be  necessary  to  convert  fast  optical  pulses  to 
electrical  pulses  in  a  semiconductor  integrated  optical  circuit.  Ideally,  of  course,  it  trould 
be  desirable  to  avoid  completely  the  need  for  high  speed  electrical  pulses  -  ie  the  various 
optical  processing  stages  should  ultistately  provide  an  electrical  output  at  a  low  speed  which 
could  be  handled  relatively  easily.  Indeed,  the  transmission  of  picosecond  electrical  pulses 
without  crosstalk  and  other  forme  of  corruption  is  a  major  problem  in  its  own  right,  and  one  of 
the  reasons  why  optics  is  so  attractive  for  high  speed  applications.  It  would  appear,  however, 
that  elements  for  detecting  picosecond  optical  pulses  will  not  be  as  difficult  to  maks  as 
those  to  provide  the  pulses  in  the  first  place,  and  their  integration  should  be  relatively 
easy. 

The  most  studied  detector  for  ultra-fast  pulses  is  the  photoconductor.  The  speed  of  these 
devices  is  determined  by  the  carrier  lifstlsw,  which  is  influenced  by  recombination  in  the 
bulk  or  at  interfaces,  surfaces  or  contacts.  Photoconductor s  can  show  gain,  and  thus  high 
responsivitles,  but  the  methods  of  reducing  lifetime  often  employed,  (eg  proton  danwge), 
usually  reduce  the  snbility  and  thus  the  gain.  This  might  not  be  a  problem  for  mtmy 
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pulse  width 
(ps) 

limit 

(ps) 

pulse  rate 
(Hz) 

comments 

I  Gain  switching 
pulsed 
-  sinusoidal 

5-30 

30 

’'ph 

(2L/C) 

single  -*2x10^ 
10«  ^  10^0 

simple, 

on  demand  pulses, 
multimode  or 
single  mode 

2  Optically 
pumped  gain 
switching 

1 

’^ph 

-  10« 

very  short  cavity 
(few  /cm)  usually 
with  high 
reflect ivity, 
tunable  using 
thic)cne&s  variation 

3  Q  switching 
( ie  loss 

switching) 

•*14 

’^ph 

3x10®- 

1.2x10^° 

loss  and  gain 
regions  may  be 
integrated, 
on  demand,  high 
power  pulses 

4  Modelocking 
-active 

-passive 

1 

periodic, 

needs  high  quality 
ext  cavity  (  very 
good  ar  coatings), 
integrated  external 
cavity  demonstrated 

.56 

(gainwidth) 
sub  psec 

5  Self  pulsation 

20  -  100 

10®  -  10® 

poorly  understood 
and  uncontrollable 

6  Optically 
switched  cw 
optical  input 

19 

10®  -  10^^ 

conceptually  very 
easy  to  integrate, 
low  pe/dc  power 

TABLE  2  Different  methods  of  obtaining  picosecond  pulses  from  semiconductors 


demonstrated  with  both  GaAlAs  and  InCaAsP  lasers,  using  avalanche  transistors,  step  recovery 
diodes  and  rf  drive.  Pulses  as  short  as  ISps  have  been  obtained,  and  shorter  pulses  predicted 
(53).  For  methods  where  the  electrical  pulses  are  avalleUsle  on  demand,  the  optical  pulses  will 
also  be  avallid>le  on  demand  -  although  some  patterning  will  arise  for  pulses  closer  them  the 
recombination  time  (a  few  ns).  The  output  pulse  of  such  lasers  is  spectrally  impure,  having 
many  longitudinal  modes,  but  this  can  be  overcome  by  using  external  cavity  mode  selection 
methods  such  as  a  grating  (54)  or  possibly  by  switching  a  OFB  laser.  The  ultimate  aim  would  be 
for  Fourier  transform  limited  llnewidth  /  pulsewidth  products.  One  of  the  advantaiges  of  such 
gain  switching  Is  the  very  high  pealc  powers  that  can  be  obtained  (  80  -  20,00OmM  ),  although  it 
Is  unlDcely  that  mean  powers  would  exceed  typical  cw  laser  power  capabilities. 

The  gain  switching  may  also  be  obtained  by  optical  excitation,  and  this  method  has  been 
Investigated  extensively  with  platelet  or  film  lasers  in  which  a  thin  layer  of  semiconductor 
(2-20;un  thick)  Is  placed  between  two  reflectors  and  excited  by  picosecond  optical  pulses  from 
a  siode-locked  non-semiconductor  laser.  The  gain  width  can  be  very  broad  (several  kT),  but  with 
only  one  Fabry-Perot  mode  falling  within  this  gain  width,  single  longitudinal  mode  emission 
Is  obtained.  By  using  wedge  shaped  samples,  the  wavelength  of  the  mode  can  be  tuned  over  the 
whole  gain  width  (55),  and  by  using  the  appropriate  bandgap  semiconductor,  a  very  wide  range 
of  wavelengths  may  be  produced. 

In  the  Q  switched  method  (56),  a  gain  and  switchable  loss  mechanism  are  Incorporated  within 
the  cavity.  The  gain  region  la  driven  hard  to  a  large  value  of  gain,  but  lasing  Is  prevented  by 
the  lossy  region.  If  this  loss  Is  now  decreased,  a  lasing  pulse  will  build  up  very  rapidly. 
This  pulse  will  terminate  itself  by  the  rapid  depletion  of  the  gain.  The  loss  region  should 
return  to  a  high  loss  state  before  the  gain  can  build  up.  Both  the  gain  and  loss  regions  have 
been  integrated  on  the  same  chip  (63)  by  using  split  electrode  configurations.  Pulses  of  <40ps 
(detector  limited)  at  a  repetition  rate  of  140Hz  were  obtained  using  an  InOaAsP/InP 
structure.  Peak  powers  of  several  hundred  milliwatts  should  be  obtained  using  this  method. 

In  active  siode  locking  (57)  a  semiconductor  laser  with  one  perfectly  anti-reflection  coated 
facet  Is  placed  in  an  external  cavity.  The  laser  Is  modulated  with  a  sinusoidal  rf  or  pulse 
train  having  a  modulation  period  equal  to  the  photon  round  trip  time  (t^) .  The  emitted  pulses 
see  gain  on  arrival  at  the  laser,  and  the  peak  sees  the  highest  gain  thus  sharpening  the  pulse. 


S  NON-LINEAR  AND  BISTABLE  ELEMENTS 
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A  Tange  of  devices  employing  non-linear  processes  may  be  envisaged.  In  particular,  in  the  same 
way  that  the  whole  of  electronics  is  based  on  non-  linear  electronic  devices,  a  similar  family 
of  optical  devices  may  eventually  have  applications. 

Non-linear  optical  effects  are  caused  by  the  non-linear  polarisation  of  the  medium  through 
which  the  optical  wave  is  propagating.  Various  non-linear  effects  corresponding  to  the 
different  order  susceptibility  terms  have  been  investigated  in  a  variety  of  materials. 
Although  the  second  order  susceptibility  term  (  responsible  for  second  harmonic  generation, 
parametric  oscillation  and  amplification  )  can  be  guite  large  for  semiconductors  compared 
with  other  materials  (40),  most  of  the  work  on  III-V  semiconductors  has  concentrated  on  the 
third  order  susceptibility  (x(3)).  This  gives  rise  to  an  intensity  dependent  refractive  index 
tvhich  is  particularly  relevant  to  optical  logic  applications.  Optical  bistability  (OB)  may  be 
obtained  if  a  material  with  an  intensity  depsndent  refractive  index  is  placed  in  a  suitably 
designed  Pabry-Perot  cavity  (41).  The  value  of  in  lll-v  semiconductors  using  wavelengths 

well  away  from  the  band  edge  (  the  non-resonant  case)  is  extremely  small,  and  will  not  bo 
particularly  useful  because  extremely  high  powers  will  be  needed,  even  with  the  small  active 
volumes  offered  by  waveguide  structures.  Most  of  the  work  on  OB  has  involved  working  near  an 
aUasorption  resonance.  Under  these  circumstances  can  be  enhanced  quite  dramatically.  OB 

associated  with  resonant  effects  has  been  observed  in  CaAs  (42),  O20ia/aaAlAs  multi  quantum 
well  structures  (43  ),  InAs  (44  ),  and  InSb  (45).  In  the  latter  material,  a  range  of  optical 
logic  elements  have  been  demonstrated  including  AMD  and  OR  gates,  and  a  'transphasor* ,  the 
optical  analogue  of  a  transistor.  The  power  density  for  operation  of  some  of  these  InSb 
devices  has  been  extremely  low  (lOW/cm^  at  a  temperature  477X) .  However,  InSb  is  probably  not 
the  optimum  semiconductor  material  for  OB  devices;  there  are  no  ternary  or  quaternary 
compounds  which  can  be  grown  epitaxially  on  InSb  for  an  optimum  waveguide  structure  and/or  the 
Integration  of  other  optical  and  electronic  components.  In  addition,  the  band-gap  is  probably 
too  narrow  for  use  at  useful  wavelengths  at  room  temperature.  However,  the  work  on  InSb  has 
demonstrated  that  devices  employing  OB  are  certainly  feasible. 

Whereas  the  non-linearities  in  InSb  are  due  to  effects  associated  with  transitions  between 
conduction  and  valence  band  edges,  those  in  GaAs  are  thought  to  be  associated  with  exciton 
states.  The  preliminary  work  on  simple  GaAlAs/GaAs/GaAlAs  etalons  showed  bistability  at  low 
temperatures,  but  not  near  room  temperature  %fhere  the  exciton  binding  energy  becomes 
comparable  with  )cT.  However,  OB  has  been  demonstrated  at  room  temperature  in  GaAs/GaAlAs 
super lattices  -  the  exciton  birring  energy  being  increased  in  such  structures.  Although 
power  densities  are  quite  high  (lO^W/cm^),  scaling  to  waveguide  dimensions  indicates  that 
power  levels  will  be  wall  within  those  available  from  semiconductor  lasers.  In  fact 
semiconductors  with  appropriate  focussing  have  been  used  to  demonstrate  OB  at  room 
temperature  in  the  super lattice  structures  (46). 

A  major  problem  with  the  operation  of  these  devices  at  present  is  their  speed.  The  x^^^~ 
Induced  OB  depends  on  carrier  dynamics,  and  the  turn  off-time  depends  on  the  carrier 
recombination  time  (a  few  nsec  in  normal  material  at  room  temperature) .  Although  this  could  be 
reduced  by  modifying  the  material  appropriately,  eg  introducing  fast  recombination  centres, 
the  switching  power  would  then  be  compromised.  Indeed,  it  seems  there  will  be  a  trade  off 
between  switching  power  and  speed,  and  more  work  is  needed  to  establish  how  favourable  this  is 
for  device  operation  -  especially  waveguide  devices. 

An  alternative  approach  to  obtaining  bistable  effects  is  to  use  a  hybrid  arrangement  (51).  The 
optical  output  from  a  Pabry-Perot  cavity  is  detected,  and  used  to  generate  a  voltage  which 
varies  the  refractive  index  within  the  cavity  by  the  electro-optic  effect.  This  sort  of 
feedback  system  allows  a  non-linear  light  input  /  light  output  relationship,  hysteresis  and 
OB.  The  electronics  can  have  gain,  so  very  little  power  is  needed  to  demonstrate  OB,  and  the 
cavity  medium  need  not  have  an  intensity  dependent  refractive  index.  The  speed  of  such  devices 
is  limited  by  that  of  the  electronics.  As  one  of  the  major  benefits  of  optical  logic  is  its 
potential  for  ultra-high  speed,  this  hybrid  approach  may  not  be  the  most  attractive  option  in 
the  long  term.  The  ability  to  Integrate  all  the  optical  and  electronic  elements  on  one  chip 
could,  however,  be  very  useful. 

6  PICOSECOND  PULSE  TECHNIQUES 

6.1  Pulse  generation 

There  has  been  considerable  interest  in  generating  very  short  optical  pulses,  either  as  a 
repetitive  sequence,  or  'on  demand'  ( ie  with  variable  pulse  separation),  for  a  wide  variety  of 
applications  Including  fast  optical  signal  processing,  picosecond  spectroscopy,  sampling  and 
optical  comminications .  Semiconductor  lasers  have  been  used  in  a  variety  of  configurations  to 
produce  such  pulses  (see  table  2)  and  can  have  the  merits  of  compactness,  easy  operation,  high 
repetition  rates  (suuiy  GHz),  tunabllity  and  a  wide  range  of  wavelengths.  Most  of  the  the  tfork 
to  date  has  focussed  on  demonstrating  and  understanding  the  techniques.  This  section  will 
describe  the  basic  methods  of  producing  picosecond  pulses  using  semiconductors,  and  cosment 
on  sosw  aspects  of  integrating  picosecond  pulses  with  other  components. 

The  isain  swthods  of  obtaining  short  pulses  using  semiconductors  are  sumnarised  in  table  2.  The 
simplest  of  these  is  to  drive  the  laser  with  a  short  but  intense  current  pulse  which  rapidly 
raises  the  carrier  concentration  from  «rell  below  threshold  to  well  above  it.  The  output  power 
builds  up  rapidly  until  it  starts  to  deplete  the  carriers  and  thus  reduce  the  gain.  If  the 
drive  pulse  is  terminated  at  this  stage,  a  short  high  power  optical  pulse  is  obtained;  if  the 
drive  pulse  is  continued,  the  damped  relaxation  oscillation  transient  characteristics  typical 
of  injection  lasers  will  be  obtained.  This  method  of  'gain  switching'  a  laser  has  been 
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Device 

Length 

(■an) 

Voltage 

(V) 

Bandwidth 

(OHz) 

Loss 

X 

(MIR) 

>2 

ext 

ratio 

(dB) 

ref 

GaAs/GaAIAs 

PM 

4.2 

9 

>1.2 

(est) 

5 . 5dB/cm 

1.15 

29 

32 

DC 

9 

15 

IdB/cm 

1.56 

55 

15 

9 

DC 

3.5 

40 

3 

8-lOdB 

(L-F) 

1.3 

83 

15 

6 

MZ 

2.5 

25 

5 

(eat) 

1.3 

37 

14.5 

33 

MC 

4.9 

12.5 

1.06 

55 

27 

13 

InP 

DC 

6.5 

12 

1.51 

34 

16 

25 

LxNbO^ 

DC 

16 

2 

2dB 

(F-F) 

1.5 

64 

18 

34 

DC 

9 

11 

1.5 

4dB 

(F-F) 

1.5 

44 

21 

34 

DC 

16 

6 

2dB 

(F-F) 

1.3 

57 

27/21 

35 

DC(TW) 

14.5 

4.5 

7.5 

00 
■n  S 

1.3 

39 

36 

DC(T¥) 

9.5 

7.5 

10.5 

7dB 

(F-F) 

1.3 

42 

36 

DC(TM) 

19.5 

4.5 

5.5 

2.2dB 

(F-F) 

1.3 

52 

36 

Dccn#) 

9.5 

18 

10 

l.SdB 

(F-F) 

1.3 

101 

36 

HZ 

4 

4 

2.75 

0.85 

22 

37 

MZ(TK) 

4 

13.2 

0.85 

37 

MZ 

3 

4.5 

0.63 

33 

17 

38 

MZ 

6 

3.8 

1.1 

0.65 

54 

39 

MZ(TW) 

4 

2 

13 

0.84 

11 

47 

MC 

5 

17 

1.35 

47 

17 

11 

Notes 

1)  PMephsse  modulator;  DCedliectlonal  coupler;  NZeMach-Zehnder ; 
MCeTE-TM  mode  converter; 

l^travellln^  wave  electrode  configuration 

2)  f-F  corresponds  to  a  f ibre-to-f Ibre  Insertion  loss  measurement 
L-F  corresponds  to  a  semiconductor  laser -to-f ibre  insertion  loss 
measuresMnt 


TABLE  1 


Comparison  of  various  electro-optic  waveguide  devices 
made  with  different  materials 


Photoelastically  Induced  weveguldlng  In  aaniconductora  haa  alao  bean  atudled  (49,50).  In 
thaaa  atructuras,  the  refractive  Index  la  varied  by  Introducing  atraln  by  dapoaltlng  a  aiatal 
or  dielectric  layer  on  the  aanlconductor .  Theaa  wavaguldea  have  the  advantage  of  eaae  of 
fabrication,  and  being  planar,  euch  guldea  aiay  be  affected  laae  by  acattarlng.  However, 
unlllce  other  techniques,  lateral  and  vertical  conflnaaiant  cannot  be  controlled  Independently, 
and  there  are  uncertalntlee  about  the  long  terai  behaviour  of  devlcea  which  rely  on  stresa 
effects. 

Perhaps  a  store  promising  structure  for  the  future  is  the  buried  waveguide  (27,28).  In  thia 
type  of  structure,  the  guiding  region  can  be  grown  in  a  groove  etched  in  the  substrate  or 
epllayers  (27)  -  a  technique  coanonly  used  for  burled  heterostructurs  lasers.  Alternatively, 
the  guides  suty  be  burled  by  growing  over  an  etched  rib  waveguide  (28).  These  techniques, 
usually  requiring  two  stages  of  epitaxial  growth,  are  isore  coisplex  than  the  simple  rib 
waveguide,  and  so  far  the  losses  have  been  >5dB/cn.  However,  buried  guides  are  expected  to 
give  lower  scattering  losses  than  those  encountered  In  exposed  rib  structures,  and  they  are 
much  more  compatible  with  many  of  the  advanced  laser  structures.  Thus  they  may  be  more 
suitable  for  integration. 

For  many  applications  InP-based  materials  will  be  preferred,  -  particularly  for  structures  In 
%«hlch  lasers  and  detectors  operating  in  the  wavelength  range  X-1.3  -  1.6am  are  Integrated.  (It 
should  be  noted  that  GaAs-based  waveguides  will  be  suitable  for  X-  1.3  -  1.55am  if  sources  and 
detectors  do  not  need  to  be  Integrated  monollthically . )  Waveguides  have  been  made  in  InP- 
based  material  (25-28)  but  their  performance  Is  not  yet  as  good  as  GaAs  waveguides,  because 
the  Slater lals  technology  Is  not  as  well  advanced. 

4.2  Other  non-switchable  waveguides 

As  well  as  straight  waveguides,  other  elements  of  integrated  optical  circuits  have  been 
desionstrated  In  semiconductors,  including  y-junctlons,  polarlsers  and  curved  waveguides. 

y-junctlons  siade  with  InGaAsP  burled  guides  (28)  have  shown  excess  splitting  losses  varying 
between  0.2dB  and  3.3dB  as  the  Intersection  xmgle  Increased  from  0.6*  to  3*.  y  junctions  have 
also  been  made  with  n/nt  inp  rib  waveguides  using  chemical  etching  (29).  For  an  Intersection 
angle  of  1*  the  excess  loss  was  IdB.  This  is  probably  an  indication  of  the  extra  scattering 
caused  by  the  rib  waveguide.  These  devices  form  an  essential  part  of  one  type  of  Mach-Zehnder 
switch,  and  to  reduce  further  this  branching  loss,  it  will  be  necessary  to  pay  careful 
attention  to  the  exact  shape  of  the  Intersection. 

Polarlsers  can  be  made  by  loading  a  waveguide  with  a  metal,  when  TM  modes  will  absorbed 
preferentially.  A  35dB  extinction  ratio  has  bean  obtained  In  a  250am  long  rib  waveguide 
structure  (30). 

The  performance  of  curved  waveguldaa  is  an  area  in  which  the  use  of  semiconductors  is 
particularly  beneficial.  Because  guided  modes  radiate  energy  from  a  curved  waveguide,  tight 
confinement  in  both  lateral  and  vertical  directions  is  required.  Using  a  Gag^ggAlo.  12^/^aAb 
waveguide  with  a  relatively  high  siesa,  a  loss  of  0.6dB/radlan  has  been  measured  on  a  curved 
guide  with  a  300(un  radius  of  curvature  (31).  This  loss  value  was  thought  to  have  been  limited 
by  scattering  from  edge  roughness,  rather  than  radiation  due  to  the  bend.  The  benefits  of  the 
strong  guiding  offered  by  semiconductors  has  also  been  demonstrated  by  measurements  on  abrupt 
bends  (28).  Using  buried  InOaAsP/InP  waveguides,  excess  bend  losses  varied  from  O.ldB  at  an 
angle  of  0.5*  to  4.2dB  at  3.4*.  Because  of  the  relatively  small  index  change  induced  by  Ti 
indlffusion  InLiNbOg,  small  radii  curves  and  abrupt  bends  with  such  low  loss  are  not 
possible.  Curves  with  a  small  radius  of  curvature  will  be  Important  In  achieving  high  packing 
densities  in  optical  integrated  circuits. 

4.3  Swltchable  devices 

Switchable  semiconductor  devices  (using  the  electro-optic  effect)  Include  phase  modulators 
(32),  directional  couplers  (6,9,25),  Mach-Zehnder  Interferometer  switches  (33)  and  TE-TM  mode 
converters  (13).  An  attempt  to  susmariee  the  reeults  on  recent  semiconductor  devices  is  given 
in  table  1,  which  also  Includes  some  state-of-the-art  LlNb03  devices.  It  can  be  extremely 
difficult  to  make  objective  comparisons  between  different  devices  -  not  least  because  there 
are  often  trade-offs  between  various  aspects  of  performance,  and  sometimes  the  less 
favourable  parameters  are  not  discussed  In  the  published  lltersturs.  The  figure  of  merit  that 
haa  been  taken  Is  the  voltage  for  a  v  phase  shift  x  length  product  normalised  to  wavelength 
(V,rL/x2).  The  x^  term  le  introduced  because  the  amount  of  phase  shift  depends  on  wavelength 
(eqn  (1));  and  the  distance  over  idilch  the  electric  field  is  applied  is  dependent  on  the  mode 
size,  which  la  also  approximately  proportional  to  X. 

Examination  of  table  1  Indicates  that  the  V„.l,/x2  figure  of  swrlt  for  LiNbOg  and  semiconductors 
are  not  as  dissimilar  as  the  6:1  difference  In  n^r  might  suggest.  This  is  because  the 
optical/electric  field  overlap  can  be  higher  for  semiconductors.  However,  there  la  still 
considerable  scope  for  Improvement,  as  the  best  semiconductor  device  (32)  is  not  fully 
optimised.  It  is  clear  from  table  1  that  semiconductor  losses  are  still  significantly  higher 
than  those  of  LiNbOg,  and  this  is  the  area  in  which  n»st  effort  must  be  directed  In  the  future. 
The  results  of  refs  34  and  36  indicate  the  trade-offs  between  various  parameters  for  LiNb03 
devices.  In  particular  between  insertion  loss  and  V^.  With  the  increased  control  over 
electrical  and  optical  fields  offered  by  semiconductor  technology.  It  Is  hoped  that  this 
trade-off  will  be  more  favourable  In  semiconductors. 
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4  PERPOnUNCE  OF  SEMICONDUCTOR  WAVEGUIDE  DEVICES 
4.1  Straight  waveguidea 

Many  studies  on  waveguides  In  III-V  semiconductors  -  mainly  GaAs  -  have  been  reported  In  the 
past  12  yea'rs,  and  have  encompassed  a  wide  variety  of  structures.  Much  of  this  early  work 
concentrated  on  using  carrier  concentration  variations  to  produce  an  appropriate  refractive 
index  profile  (18-22).  In  some  cases  (18,20),  localised  diffusion  or  Implantation  has 
produced  guiding  in  both  vertical  and  lateral  directions.  Although  this  has  advantages  in 
ease  of  fabrication,  it  does  not  allow  the  independent  control  of  vertical  and  lateral 
confinement  krhich  is  very  important  for  optimising  guide  performance.  As  mentioned  earlier, 
the  other  disadvantage  of  using  carrier  concentration  variations  is  the  possibility  of  high 
absorption  loss.  The  refractive  index  is  only  a  weak  function  of  carrier  density  in  GeUis  auid 
quite  high  substrate  doping  densities  need  to  be  used  (-lO^B^^-S ) ,  However , using  relatively 
thick  (3. Sam)  n~  epllayers  and  Improved  fabrication  techniques,  propagation  losses  as  low  as 
2dB/cm  have  recently  been  measured  in  n~/n'*'  GaAs  waveguides  (6).  These  thick  epllayers  result 
in  a  rather  high  operating  voltage  for  electro-optically  controlled  devices.  It  seems 
unlikely  that  devices  using  carrier  concentration  variations  will  give  the  ultimate  in  low 
loss,  and  they  only  allow  limited  flexibility  in  device  design. 

With  gradually  improving  control  over  epitaxial  growth  techniques  it  has  become  possible  to 
make  low  loss  waveguides  using  compositional  variations  to  produce  the  refractive  index 
profile.  Single  mode  GaAe/GaAlAs  waveguide  structures  have  been  demonstrated  using  LPE  (9) 
with  propagation  losses  as  low  as  IdB/cm  at  X-1.56xm  and  similar  structures  made  with  MBE- 
grown  material  (7)  have  given  losses  <2dB/cm  at  X-1.15/im.  MO-CVD  has  also  been  used,  and 
multimode  waveguides  using  a  G^lAa/GaAlAs  structure  have  given  losses  of  1.4dB/cm  at  X-1.3iun 
(8).  It  seems  likely  that  this  approach  of  using  compositional  variations  to  provide  the 
necessary  refractive  index  profiles  is  the  best  approach  for  low  propagation  losses,  emd 
allow  most  flexibility  in  device  design. 

The  residual  losses  between  1  and  2dB/cm  measured  on  these  heterostructure  waveguides  seem 
likely  to  be  due  to  scattering  from  the  waveguide  edges.  Improvements  in  waveguide 
fabrication  technology  should  Improve  this.  Several  methods  for  etching  semiconductor  rib 
waveguides  have  been  reported,  including  wet  chemical  etching  (8),  argon  ion  beam  milling  (7) 
and  reactive  ion  etching  (  6),  each  with  their  own  advantages  and  disadvwtages .  Fig  3a  and  b 
show  waveguides  produced  by  wet  chemical  etching  and  ion  beam  milling  respectively.  Both 
patterns  were  replicated  using  a  photoresist  mask. 


(a)  (b) 

Fig  3.  (a)  InP  waveguide  made  by  chemical  etching;  stripe  is  Sum  wide  and  1.5am  high. 

(b)  GaAs/GaAlAs  waveguide  made  by  ion  beam  milling;  stripe  is  5am  wide  and  1.1am  high 

A  significant  feature  of  the  chemically  etched  waveguide  is  that  the  chemical  used  was 
selective  to  a  specific  crystallographic  direction,  and  thus  extremely  smooth  guide  walls 
were  obtained.  However,  one  of  the  disadvantages  of  chemical  etching  is  that  it  is  not 
possible  to  Bwintain  this  mesa  shape  around  a  curve,  -  and  curves  are  particularly  Important 
in  many  waveguide  devices.  The  ion-beam  milling  technique  is  a  very  well  controlled  process 
giving  high  yields.  Curved  guides  can  be  formed  readily  with  no  change  in  mesa  shape  with 
direction.  However,  there  is  a  certain  edge  roughness  which  is  thought  to  be  associated  with 
the  photoresist  pattern.  Clearly  there  is  considerable  scope  to  improve  rib  roughness  - 
possibly  a  combination  of  dry  and  wet  etching  might  be  optimum. 

Besides  these  rib  waveguides  using  planar  epitaxial  siatarlal,  some  novel  approaches  have  also 
been  pursued.  A  single  sxide  GaAs  waveguide  with  an  oxide  confining  layer  has  been  made  by  a 
technique  of  lateral  epitaxial  growth  by  VFB  (23).  This  showed  a  loss  of  2.3dB/cm.  An  n/n* 

GaAs  waveguide  has  also  been  made  by  localised  epitaxy  with  a  propagation  loss  of  1.5dB/cm 
(24).  The  unconventional  prlssiatlc  shapes  of  these  latter  guides  may  limit  their 
applications,  especially  if  electric  fields  need  to  be  applied. 


11-5 


semi-insulating  semiconductor  substrate  material,  -  with  this  it  might  be  possible  to  use 
similar  techniques  to  those  used  for  insulators. 

3.3.3  Speed 

For  conventional  lumped-contact  waveguide  devices,  the  speed  is  limited  by  the  RC  time 
constant.  Two  factors  favour  semiconductors  for  high  speed  operation.  First,  the  dielectric 
constant  for  GaAs  is  5  times  less  than  that  for  LlMbOs  resulting  in  lower  capacitance  for 
similar  geometries,  and  secondly,  the  capacitance  of  semiconductor  devices  is  determined  by 
the  thickness  of  the  space-charge  region.  This  can  be  made  very  thick,  if  necessary,  with 
little  voltage  penalty  using  doping  profiles  similar  to  those  used  in  advanced  III-V 
avalanche  photodiodes  (14).  Thus  it  should  be  possible  to  reach  the  photon  transit-time  limit 
of  113ps/cm  without  compromising  other  device  parasieters. 

The  ultimate  speed  will  be  obtained  by  using  a  travail Ing-wave  (IW)  electrode  configuration. 
The  performance  of  l.lNb03  TW  devices  is  limited  by  the  differing  electrical  and  optical 
propagation  speeds.  This  can  be  overcome  to  a  certain  extent  by  using  special  electrode 
configurations  (15)  but  this  results  in  a  band-pass  characteristic  which  can  be  undesirable 
in  some  applications.  In  GaAs  the  dielectric  constaric  is  approximately  equal  to  the 
refractive  index  squared  so,  in  principle,  it  should  be  possible  to  achieve  much  higher 
operating  speeds  over  a  vary  broad  bandwidth.  An  essential  requirement  for  semiconductor  TW 
devices  is  high  quality,  low  loss  substrata  suttarial.  To  date,  no  travelling  wave  devices  made 
in  semiconductors  have  been  reported. 

3.3.4  Acousto-optics 

III-V  semiconductors  have  not  been  favoured  for  acousto-optic  applications,  and  this  might 
seem  surprising  in  view  of  the  fact  that  the  acousto-optic  figure  of  merit  for  GaAs  is  IS  times 
greater  than  that  of  LiNb03,  one  of  the  most  popular  acousto-optic  materials.  The  two  problems 
with  III-V  semiconductors  are  that  i)  the  piezo-electric  effect  is  very  small,  making 
generation  of  the  acoustic  waves  difficult,  and  11)  the  propagation  loss  of  the  acoustic  waves 
in  the  semiconductor  is  very  high.  The  generation  of  acoustic  waves  can  be  achieved  by  using  a 
ZnO  transducer  (16),  but  on  the  present  evidence  it  would  seem  that  III-V  semiconductors  are 
unlikely  to  compete  with  LiNb03  for  acousto-optic  applications. 

3.3.5  Stability,  reliability,  fabrication  and  cost 

A  particular  problem  experienced  with  LiNb03  waveguides  is  the  photoref ractlve  effect  -  a 
persianent  change  in  the  refractive  index  profile  induced  by  the  transmitted  optical  flux. 
This  has  meant  that  optical  power  levels  have  to  be  kept  low,  and  has  resulted  in  dynamic  range 
limitations  in  spectrum  analysers,  and  other  difficulties.  These  problems  have  been 
alleviated  to  a  certain  extant  by  using  longer  wavelengths  (1).  However,  a  full  understanding 
of  this  behaviour  and  complete  elimination  of  these  undesirable  effects  awaits  further 
detailed  study.  An  additional  problem  that  can  occur,  is  ionic  drift  under  dc  operation.  The 
remedy  here  is  probably  higher  quality  buffer  layers  (usually  3103)  >  and  again,  further  work 
is  required.  Another  difficulty  with  LlNb03  is  the  sensitivity  of  some  properties  (notably 
birefringence)  to  tesqierature. 

Clearly  semiconductor  devices  have  not  been  investigated  in  as  much  detail  as  L.lNb03  devices, 
but  to  date  no  particular  reliability  or  stability  problems  have  besn  Identlflsd.  One 
advantage  hare  la  that  there  is  considerable  experience  in  assessing,  undsrstanding  and 
rectifying  reliability  problems  with  other  III-V  semiconductor  devices,  and  this  should  be 
useful  in  speeding  the  progress  of  research-type  devices  towards  consierclal  viability. 

Coat  Slay  be  of  considerable  importance  in  some  cases  -  ths  requirement  for  high  capacity 
telacosiminicatlons  links  in  the  local  network  could  be  satisfied  by  a  fully  coherent 
transmission  system  (48)  rather  than  the  conventional  direct  detection  systems,  and  this 
would  entail  the  use  of  a  large  number  of  waveguide  devices.  It  is  extremely  difficult  to 
estimate  coats  for  waveguide  devices,  because,  amongst  other  factors,  it  will  dapend  on  the 
complexity  of  the  device  and  the  numbers  required.  However,  unlike  the  case  of  silicon 
devices,  the  cost  of  the  starting  matsrlal  may  be  significant,  particularly  for  the  larger 
area  devices.  At  present  the  cost  of  GaAs  material  is  bstwesn  £15  and  £35  per  square  inch,  and 
InP  between  £60  and  £70  per  square  inch.  These  costs  are  likely  to  reduce  because  of  the 
increasing  number  of  applications  for  III-V  semiconductor  devices  (lasers,  detectors, 
electronic  ICs  4c),  and  SMy  wall  approach  that  of  LiNb03  (£8  -  £25  per  square  inch).  However,  a 
more  serious  problem  is  the  availability  of  sufficiently  large  area  III-V  wafers.  Because,  in 
general,  throughput  of  III-V  semiconductor  devices  Is  relatively  small  at  present,  the 
motivation  to  Increase  slice  areas  from  the  standard  2*  diameter  is  limited.  This  could 
present  a  serious  limitation  for  the  fabrication  of  large  area  semiconductor  optical 
Integrated  circuits.  It  la  hoped  that  larger  area,  high  quality  slices  will  emerge  with 
increasing  requlresMnta  for  larger  scale  GaAs  electronic  integrated  circuits 

At  the  acrnent,  the  fabrication  of  l,lNb03  devices  is  relatively  easy  compared  with 
semiconductor  devices.  It  Is  the  epitaxial  growth  of  the  semiconductor  layers  that  is  the 
major  problem;  apart  from  this  and  the  chemical  etching  of  rib  waveguides,  much  of  the  rest  of 
the  fabrication  is  similar  to  that  of  l,lNb03  (17).  Howavar,  the  ability  to  cleave 
semiconductors  does  confer  certain  advantages,  and  accurate  polishing  of  the  facets  Is  not 
required.  If  MO-VPE  and/or  MBE  car  realise  their  potential  as  high  yield  growth  processes,  it 
nay  be  that  the  fabrication  of  semiconductor  waveguide  devices  will  eventually  not  be 
significantly  sore  expensive  than  swklng  L>lNb03  devices. 
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on  bulk  GaAa  (4)  giva  a  loss  of  about  13<IB/cb  at  a  wavelength  between  1  and  l.Som  fot  an 
electron  denaity  of  SxlO^'ca*^.  This  explains  why  so  many  of  the  devices  made  with  an  n* 
substrate  (typically  >10^*cm~3)  near  the  guiding  region  show  such  high  losses.  Bulk  InP  shows 
a  lower  lose  -  7dB/cm  at  at  a  wavelength  of  1.3am  (5)  -  due  to  Its  different  band 

parameters,  but  the  best  way  of  decreasing  free  carrier  absorption  losses  Is  to  reduce  the 
number  of  free  carriers.  There  have  bean  no  published  reports  of  frea-carrlar  absorption 
values  In  bulk  material  with  low  doping  In  the  wavelength  region  of  Interest,  but  by 
extrapolation  from  published  figures  the  free-carrler  absorption  Is  expected  to  be  negligible 
at  electron  concentrations  lass  than  lOl^cm'^  (4,5).  Hols  concentrations  will  need  to  be  much 
lower  because  of  Intar-valenca  band  transitions. 

Secently,  propagation  losses  between  1  and  2dB/cm  have  been  reported  for  davlcea  with 
relatively  low  doping  levels  (6-9),  and  It  is  thought  that  these  values  may  be  limited  by 
scattering  from  the  rough  edges  of  the  rib  structure  that  is  used  to  confine  the  radiation  In 
the  lateral  direction.  Isiproved  methods  of  rib  fabrication,  possibly  involving  such 
techniques  as  reactlva-lon  etching,  the  use  of  planar  waveguide  structures  and  the  growth  of 
epitaxial  layers  over  a  rib  structure  should  reduce  this  scattering  loss. 

There  is  still  some  way  to  go  to  achieve  acceptably  low  propagation  losses.  (0.5dB/cm  might  be 
acceptable  initially  for  discrete  devices,  but  losses  stay  have  to  be  less  than  this  for  larger 
scale  Integrated  circuits.)  The  indications  to  data  are  that  there  are  no  inherent  barriers  to 
achieving  these  figures,  and  that  with  Improved  epitaxial  growth  (notably  lovrar  doping 
levels),  and  better  fabrication  techniques  (smoother  rib  waveguides,  burled  waveguides)  the 
values  deiaonatratsd  in  l,lNb03  (0.3dB/cm  for  single  mode  waveguides  at  1.3jum;  O.ldB/cm  in  bulk 
material  at  l.lSam  (10))  should  be  realised  In  semiconductors  In  the  near  future. 

Coupling  radiation  from  an  optical  fibre  or  laser  into  a  waveguide  device  (or  vice-versa)  is 
limited  by  Fresnel  reflection  losses  and  the  missiatch  of  the  optical  fields.  The  former 
limitation  can  be  effectively  eliminated  by  using  X/4  thickness  anti-reflection  coatings.  The 
latter  suiy  be  alleviated  by  sudifylng  the  waveguide  refractive  index  profile.  In  a 
semiconductor  rib  waveguide  several  parameters  can  be  adjusted  -  eg  waveguide  composition, 
layer  thicknesses,  rib  height,  rib  width.  However,  It  Is  clear  that  the  V,L  product  may  be 
compromised  slightly  as  the  guiding  region  thickness  is  varied.  No  systematic  study  on  this 
aspect  has  bean  carried  out  yet,  but  a  loss  of  IdB  has  been  measured  for  butt-joint  coupling  of 
an  n~/nf  GaAa  rib  waveguide  with  a  single  mode  fibre  (6).  Although  not  as  good  as  soma  of  the 
results  for  coupling  fibres  to  LlNbOj  devices,  it  is  a  very  encouraging  result,  and  further 
IsqkrovesMnts  are  expected.  Of  course,  siany  of  these  coupling  problems  will  be  considerably 
reduced  when  lasers  and  detectors  are  integrated  sionolithlcally  with  the  waveguide  devices. 

3.3  Other  differences 

Although  the  electro-optic  coefficient  and  loss  are  generally  considered  the  most  significant 
differences  between  semiconductors  and  LiNb03,  there  are  a  number  of  other  properties  of 
relevance  to  waveguide  devices.  They  will  now  be  considered  briefly.  ^ 

3.3.1  Birefringence 

LlNb03  has  a  high  natural  birefringence  (AN^O.l).  Although  this  can  be  undesirable  in  some 
Instances,  It  can  also  be  used  to  good  advantage  in  devices  using  TE-TM  mode  conversion.  In 
such  devices,  phase  matching  la  required  for  coupling  between  the  orthogonal  polarisations, 
and  this  is  usually  achieved  by  sosm  sort  of  periodicity  In  the  electrode  configuration.  This 
gives  a  wavelength  dependence  which  can  form  the  basis  of  a  filter  (11).  However,  phase 
matching  in  LlNb03  usually  results  in  rather  narrow  bandwidth  operation  (3.6nm  for  the  filter 
mentioned  above)  which  will  be  undesirable  for  soma  applicatlone. 

III-V  semiconductors  on  the  other  hand  are  optically  isotropic  and  only  a  small 
birefringence  Is  Introduced  when  staking  a  waveguide  structure.  However,  It  has  been 
desionstratad  that  birefringence  can  be  Induced  artificially  by  using  a  large  number  of  layers 
of  different  refractive  index  (12).  A  birefringence  of  6N-0.055  has  been  demonstrated  using  a 
CaAs/AlAs  multilayer  structure.  Although  this  approach  has  not  been  pursued  for  device 
applications.  It  seesis  that  this  method  could  give  great  flexibility  if  semiconductor  devices 
with  a  controllable  an»unt  of  birefringence  are  required. 

3.3.2  Electrical  properties 

LlNb03  Is  an  insulator,  and  this  confers  particular  advantages  when  making  composite 
components  -  le  Integrated  structures  incorporating  a  variety  of  different  devices.  For  a 
particular  substrate  orientation,  different  electro-optic  tensor  elements  are  needed  to 
change  the  propagation  constants  of  TE  and  TM  SK>des,  and  yet  another  one  to  control  the  amount 
of  TE-TM  SKida  conversion.  These  different  eleewnts  can  be  used  by  applying  electric  fields  in 
different  directions.  An  Insulator  is  Ideally  suited  to  this  approach  because  independent 
electric  fields  may  be  applied  on  different  parts  of  the  slice  in  a  variety  of  directions. 

In  a  semiconductor,  an  electric  field  Is  applied  via  a  Bchottky  barrier  or  pn  junction,  and 
applying  fields  in  different  directions  is  much  ax>re  difficult.  In  fact,  to  date,  the  only  way 
to  utilise  off-diagonal  tensor  elements  has  been  to  use  differently  orientated  substrates. 

Ttia  norswlly  used  substrate  Is  (001)  with  propagation  in  the  <110>  direction.  Applying  an 
electric  field  In  the  <001>  direction  changes  the  propagation  constant  of  the  TE  mode.  TB-TM 
mods  conversion  has  bean  demonstrated  by  using  (110)  substrates  with  an  electric  field  in  the 
<110>  direction  (13).  However,  in  principle  It  Is  possible  to  devise  electrode  schemes  which 
will  allow  the  flexibility  offered  by  Insulators  (52),  but  the  fabrication  of  such  devices 
will  be  considerably  anre  complex.  An  alternative  approach  ««ould  be  to  use  high  quality 
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between  optical  <md  electrical  fields,  and  it  should  be  minimised  for  low  voltage  operation. 

The  overlap  factor  r  can  be  controlled  to  a  limited  degree  in  LiNb03  by  adjusting  electrode 
separations  and  varying  the  guide  refractive  index  profile  to  optimise  the  overlap.  Values  of 
r  less  than  0.5  are  normally  obtained,  and  values  can  be  considerably  lass  than  this  if  the 
device  is  required  to  have  high  spaed  and/or  low  coupling  loss. 

With  semiconductors  there  is  more  scope  to  optimise  r  because  the  optical  and  electric  field 
profiles  may  be  controlled  independently.  The  optical  field  distribution  is  determined  by 
compositional  changes,  whilst  the  electric  field  distribution  depends  on  the  doping  profile. 
This  point  can  be  illustrated  with  reference  to  fig  2. 
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PIG  2  Possible  slab  waveguide  structure 


The  waveguidlng  region  consists  of  a  p~/n~  junction  of  Ini-x^x^y^l-y-  thick 

guiding  region  the  value  of  the  refractive  index  step  (dN)  needeiT  for  monomoda  guiding  in  this 
symmetric  waveguide  structure  is  about  .006  at  a  wavelength  of  l.Sam.  For  InP/Ini-^OaxASyPi-y 
AN«0.3y  and  as  y>2.2x  for  lattice-matching  to  InP,  the  composition  of  the  guiding  layers 
should  be  Ing . ggOag , giAsg, 02^0 . 98  -  ( assumed  that  the  doping  levels  are  sufficiently  low 
that  the  free  carrier  contribution  to  the  refractive  index  can  be  ignored.)  Adjustments  to  the 
layer  thickness  and  composition  could  give  optimised  coupling.  The  electric  field  profile 
however,  is  determined  by  the  applied  voltage  and  the  doping  profile.  In  the  case  that  p>10p~ 
and  n*>10n~,  most  of  the  voltage  will  be  dropped  over  the  guiding  region,  and  the  electric 
field  profile  will  be  as  in  fig  2.  If  however  the  doping  varied  gradually  through  the 
structure  it  could,  in  principle,  be  possible  to  engineer  a  perfect  overlap  between  the 
electric  and  optical  fields.  It  is  envisaged  that  the  ability  to  vary  the  doping  in  this 
manner  will  become  available  with  the  development  of  MO-VPE  and  MBE.  Semiconductor  technology 
is  not  yet  sufficiently  advanced  to  be  able  to  stake  such  optimised  structures,  but  in  section 
4  it  will  be  mentioned  that  the  use  of  double  heterostructure  waveguides  with  appropriate 
doping  profiles  has  already  enabled  the  demonstration  of  semiconductor  devices  with  V,,L 
products  comparable  with  those  of  good  LiNb03  devices. 

3.2  Loss 

The  transmission  loss  of  a  waveguide  can  be  extreswly  important,  especially  in  applications 
such  as  teleconiminications  where  optical  power  is  at  a  premium.  For  other  applications  loss 
may  not  be  too  much  of  a  problem.  However,  it  is  clear  that  the  high  losses  shown  by 
semiconductors  to  date  have  been  viewed  as  a  siajor  disadvantage. 

OaAs/OaAlAs  and  InP/InOaAsP-based  waveguide  devices  cannot  be  used  for  wavelengths  <0.8sm 
because  of  band-edge  absorption.  It  may  be  possible  to  extend  this  wavelength  range  in  the 
future  by  using  other  III-V  semiconductors,  but  at  present  it  is  more  realistic  to  consider 
semiconductors  solely  for  applications  with  i>0.85am. 

Transmission  loss  can  bo  separated  into  two  components  -  propagation  losses  and  coupling 
loss.  In  semiconductor  waveguides  the  wavelength  of  the  propagating  radiation  usually 
corresponds  to  a  photon  energy  considerably  loss  than  the  bandgap  energy.  Under  these 
circumstances,  free-carrler  absorption  is  exacted  to  be  the  dominant  absorption  mechanism. 
This  includes  inter  and  intra-conduction  and  valence  band  transitions.  The  free-carrler 
absorption  coefficient  is  directly  proportional  to  the  number  of  free  carriers.  Nsasursawnts 
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continuing  advances  In  the  field,  and  thle  paper  concludes  with  some  conments  on  the 
developments  that  will  be  needed. 

2  PRINCIPLES  OF  SEMICONDUCTOR  WAVEGUIDES 

A  variety  of  semiconductor  waveguide  structures  have  been  demonstrated.  Some  of  these  will  be 
discussed  later  in  the  paper,  but  initially  the  essential  elements  of  a  semiconductor 
waveguide  will  be  discussed  with  respect  to  a  rib  waveguide;  probably  the  most  commonly  used 
structure  (fig  1). 
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FIG  1  A  GaAs/GaAlAs  Rib  Waveguide 


As  in  any  waveguide  structure,  an  appropriate  refractive  index  profile  is  required.  In  fig  1 

the  guiding  layer  (OaAs)  is  bounded  in  the  vertical  direction  by  a  layer  of  Gag.gsAlo.Oe^ 

air.  The  refractive  index  difference  between  OaAs  and  Gai-xAl^As  is  approximately  6.4x.  The  | 

dimensions  shown  in  fig  1  are  typical  for  monoende  operation. 

In  the  lateral  direction,  the  confinement  is  obtained  by  etching  a  rib  structure  in  the 
semiconductor.  In  many  cases  it  will  be  necessary  to  apply  an  electric  field  to  the  guiding 
region,  and  this  can  be  done  with  a  Schottky  contact,  obtained  by  having  an  appropriate  metal 
layer  on  top  of  the  rib.  An  ohmic  contact  would  bo  applied  at  the  base  of  the  substrate. 

3  THE  PROPERTIES  OF  SEMICONDUCTORS  RELEVANT  TO  WAVEGUIDE  DEVICES 

3.1  Electro-optic  coefficient 

lYie  figure  of  merit  for  many  waveguide  devlcee  is  related  to  the  change  in  propagation 
constant  that  can  be  induced  by  an  electric  field,  for  exasiple:- 

4#-im>rE'L/X  . (1) 

where  n  is  the  effective  refractive  index  of  the  waveguide  for  the  propagating  mode,  r  is  the 
electro-optic  tensor  element  appropriate  to  the  crystal  orientation  and  the  direction  of  the 
applied  electric  field  and  L  la  the  device  length.  B'  is  an  'effective*  electric  field, 
determined  by  the  applied  voltage  (V),  the  separation  of  the  electrodes  (J)  and  a  factor  (F) 
giving  the  overlap  between  the  optical  (Egpt)  and  electric  (E^ac)  fields. 

The  figure  of  merit  amst  often  quoted  is  n*r.  LiNb03  belongs  to  the  3m  point-group  symmetry, 
and  has  four  non- identical  electro-optic  coefficients.  By  using  a  suitably  orientated 
substrata  and  electric  field  direction,  the  optlsNim  alaisent  (133)  can  be  used  with 
n3r33>328xlO~12niyv,  The  other  alaswnts,  r22'Fl3  and  rr^  give  smaller  figures  of  merit.  For 
GaAs,  tdilch  has  only  one  coefficient  (r42),  the  figure  of  amrit  is  about  6  times  less 
(n3r42-60Kl0~^2m/V)  arsS  InP  shows  a  similar  value  (3).  There  seams  no  particular  reason  to 
suppose  that  related  III-V  ternary  and  quaternary  compounds  should  be  significantly 
different. 

A  parameter  which  is  perhaps  more  useful  than  n*t  is  the  voltage  length  product  for  a  e  phase 
shift  (V,L).  Taking  E'-VT/d,  than 

V,L-Xd/n>rr  . (il) 

This  is  a  particularly  relevant  parameter  because  it  incorporates  the  degree  of  overlap 
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SUMIARY 

Optical  circuita  made  with  semiconductora  ahould  eventually  have 
conalderable  performance,  reliability  and  coat  benefita  over  aimilar 
coii^Kjnenta  made  with  many  alternative  materiala,  becauae  of  the  ability 
to  integrate  waveguide  devicea  with  optical  aourcea,  detectora  euid 
electronic  circuitry.  Although,  at  preaent,  the  performance  of  aemi- 
conductor  waveguide  devicea  la  inferior  to  that  of  devicea  made  with 
lithium  niobate,  progreaa  ia  rapid  and  there  seem  no  fundamental  reaaona 
why  aemlconductor  devicea  ahould  not  eventually  give  performance 
comparable  with  many  non-aemiconductor  devices.  A  wide  retnge  of 
semiconductor  optical  and  electronic  devices  will  be  available  for  in¬ 
tegration  in  aemlconductor  optical  Integrated  circuits,  but  considerable 
technological  developments  are  needed  -  especially  in  epitikxlal  growth. 

1  INTRODUCTION 

The  advantages  of  using  optics  for  certain  signal  processing  applications  are  well 
established.  Perhaps  the  best  known  example  is  rf  spectrum  analysis  (1)  which  can  be  performed 
at  much  higher  speeds  using  optics  than  electronic  methods.  Another  example  where  optics 
could  offer  much  higher  speeds  ia  in  analogue-to-digltal  conversion  (2).  In  addition,  with 
the  increasing  use  of  optica  in  telecoimunicatlons,  both  for  long  and  short  haul 
applications,  more  and  more  optical  processing  functions  are  being  required.  For  example,  the 
more  advanced  optical  systems  in  the  future  may  require  amplitude,  phase  and  frequency 
modulation,  wavelength  and  time  division  multiplexing  and  space  switching. 

At  present  the  processing  of  optical  signals,  either  using  discrete  or  Integrated  components, 
is  usually  carried  out  with  dielectric  materials,  most  commonly  lithium  niobate  (LiNb03). 

This  has  the  particular  advantage  that  suitable  starting  material  is  available,  and  the 
fabrication  of  waveguides  for  optical  devices  is  relatively  easy  -  in  general  a  titanium 
diffusion  is  all  that  is  needed  to  produce  the  necessary  refractive  index  profiles.  Arousto- 
optlc  and  electro-optic  coefficients  are  reasonably  high  and  the  optical  propagation  loss  of 
LlNbOa  is  sufficiently  low  that,  combined  with  relatively  well  developed  techniques  for 
coupling  to  euid  from  optical  fibres,  acceptably  low  insertion  loss  can  bo  achieved. 

III-V  semiconductors  -  typically  gallium  arsenide  (GaAs)  and  indium  phosphide  (InP)  -  also 
exhibit  acousto-optic  and  electro-optic  effects  and  can  perform  many  of  the  optical 
processing  functions  demonstrated  in  dielectrics.  For  reasons  to  be  discussed  later,  III-V 
semiconductors  have  not  been  ueed  widely  for  acousto-optic  applications,  imd  the  majority  of 
work  on  semiconductor  waveguide  devices  has  employed  the  electro-optic  effect.  The  main 
attraction  of  using  semiconductors  is  the  potential  for  integrating  optical  sources, 
detectors  and  any  electronic  components  that  are  necessary  on  the  same  substrate,  with  all  the 
benefits  in  performance,  size,  rellidiility  and  cost  that  this  would  entail.  The  particular 
disadvantages  of  semiconductors  siost  often  quoted  are  that:- 

a)  they  have  a  relatively  low  electro-optic  coefficient  compared  with  LiNb03, 

b)  their  measured  optical  propagation  losses  have  been  considerably  higher  than  those  in 
LlNb03, 

c)  the  growth  of  suitable  epitaxial  layers  is  difficult,  and  requires  expensive  equipment. 

These,  and  other,  differences  between  semiconductors  and  LiNb03  for  waveguide  devices  will  be 
discussed  in  more  detail  in  section  3. 

A  range  of  semiconductor  waveguide  devices  have  been  demonstrated  and  will  be  described  in 
section  4.  These  ate  mainly  discrete  devices  (eg  directional  coupler  switches,  TE-TM  mode 
converters  *c)  and  semiconductor  components  of  the  complexity  of  some  of  the  LlNb03  devices 
now  being  made  have  not  been  demonstrated  yet.  However,  recent  improvements  in  semiconductor 
waveguide  performance  suggest  that  it  is  now  feasible  to  consider  the  fabrication  of  larger 
scale  structures. 

With  the  developswnt  of  advanced  epitaxial  growth  techniques  such  as  metallorganlc  vapour 
phase  epitaxy  (MO-VPE)  and  molecular  beam  epitaxy  (MBE),  a  variety  of  novel  optical  and 
electronic  devices  are  being  realised.  The  concept  of  *bandgap  engineering"  is  extending  the 
possibilities  for  semiconductor  device  functions,  and  convsntlonally  accepted  limitations  to 
semiconductor  device  perforsiance  ate  constantly  being  eroded.  Whilst  many  of  these 
developawnts  are  at  a  vary  early  stage  -  for  discrete  devices,  1st  alone  integrated  structures 
-  the  huge  potential  for  semiconductor  optoelectronics  cannot  be  ignored.  Some  of  the  most 
interesting  of  recent  developstents  in  tll-V  semiconductor  devices  are  also  dlscusssd  in  this 
paper,  as  well  as  the  status  of  the  snnolithic  integration  of  sosw  of  the  relatively  simple 
structures.  The  development  of  semiconductor  growth  and  processing  technology  is  crucial  to 
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DISCUSSION 
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C.KIingshirn,  Ge 

If  you  recombine  the  two  branches  in  a  state  such  that  the  transmission  is  zero  then  the  light  is  not  absorbed  —  it  is  just 
scattered  out  of  this  waveguide  line,  and  it  goes  into  the  bulk.  So  if  you  have  one  crystal  grow  n  on  one  substrate  and 
many  of  these  structures,  is  there  not  a  danger  of  having  a  lot  of  crosstalk  because  the  light  goes  into  the  bulk  and  is 
reflected  from  the  back  surface  and  goes  through  the  whole  substrate  and  comes  out  wherever  it  wants. 

Author's  Reply 

That  could  be  a  problem  —  you're  right  —  but  we  have  some  ways  to  fight  against  it.  We  can  depolish  the  under  surface 
or  put  absorbers  or  not  have  parallel  surfaces  at  the  bottom  and  at  the  top.  There  are  many  ways  to  fight  against  these 
problems.  The  best  way  may  be  to  make  the  surface  absorbing  as  can  be  done  for  lithium  niobate  by  heating  it  w  ithout 
oxygen. 


f 
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approach,  the  electronic  devices  are  Incorporated  adjacent  to  the  laser  stripe  within  the 
cleaved  facets.  For  example.  Bar -Chaim  et  al  (93)  have  Integrated  a  photodiode,  a  FET  and  a 
laser  on  a  semi -Insulating  GaAs  substrate  to  produce  a  rudimentary  optical  repeater  with  a 
gain  bandwidth  product  of  17BMHz,  and  they  predict  Improvements  to  better  than  ICHz.  Much  of 
this  type  of  work  has  employed  LPE,  but  larger  circuits  will  need  the  Improved  control  of  MBE 
and/or  MO-VPE,  and  Improv^  circuit  planarity.  Sanada  et  al  (94)  used  MBE  on  channelled 
substrates  to  obtain  nearly  planar  laser/FET  circuits.  They  also  used  MQW  active  layers  to 
reduce  chip  thermal  dissipation,  and  achieved  a  convertion  ratio  of  laser  output  to  FET  gate 
voltage  of  3.3mH/V  with  rise  and  fall  times  of  Ins. 

The  restrictions  imposed  by  working  within  the  confines  of  the  laser  facets  are  removed  by 
using  Integrable  lasers,  and  both  Matsueda  et  al  (95)  and  Carney  et  al  (96)  describe 
optoelectronic  integrated  circuits  using  such  lasers  grown  in  recessed  parts  of  the 
substrate,  in  order  to  improve  the  planarity  for  subsequent  CaAs  IC  processing  steps.  Carney 
et  al  describe  their  development  of  a  transmitter  consisting  of  a  laser,  drive  circuit  and  4x1 
multiplexer  capable  of  IGbit/s  operation,  although,  at  that  time,  the  circuit  was  not  fully 
operational. 

The  integration  of  a  PIN  photodiode  and  high  performance  PET  is  very  useful,  and  progress  on 
both  GaAs/GaAs  and  InGaAs/lnP  devices  have  been  made  (97,98).  In  the  case  of  the  GaAs 
receivers,  a  useful  trans impedance  preamplifier  has  been  integrated  with  the  PIN  diode  (99). 
It  is  clear  that  quite  complex  GaAs-based  optoelectronic  circuits  are  becoming  available  at 
the  research  stage  already,  and  that  the  preliminary  steps  for  the  1.3-1. 6am  region  are 
progressing  rapidly. 

Fig  5  shows  an  example  of  the  optoelectronic  integrated  circuit  (OEIC)  concept  (100).  This 
particular  component  would  take  a  number  of  optical  inputs,  convert  the  signals  to  e’ectrical 
form,  perform  various  switching  operations  before  reconverting  to  optical  signals  again.  It 
is  envisaged  that  such  a  device  will  be  extremely  useful  for  optical  coninuni  cat  ions, 
especially  in  local  area  networks,  and  local  network  distribution  schemes.  Of  course  this  iS 
not  a  true  optical  circuit,  as  all  the  processing  occurs  in  electronic  form,  but  with  suitable 
developments  in  technology  the  switching  could  be  done  in  optical  form,  which  would  confer 
advantages  for  some  applications. 
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FIG  5  An  optoelectronic  integrated  circuit  (OEIC) 


The  rapid  progress  in  integration  of  electronic  circuits  with  lasers  and  detectors  has  been 
due  principally  to  the  use  of  improved  epitaxial  growth  methods  for  depositing  the 
optoelectronic  device  layers.  Progress  has  clearly  been  most  rapid  in  GaAs-based  circuits 
whore  the  existing  GaAs  IC  technology  may  bo  used  directly.  However,  the  benefits  of 
integration  fof  InP-based  optoelectronic  integrated  circuits  are  large,  ind  an  increasing 
number  of  laboratories  are  establishing  the  techniques  needed.  Progress  on  integrating 
waveguides  on  the  other  hand  has  been  slow,  partly  because  of  the  availability  of  LiNb03 
devices  as  an  alternative  to  semiconductors,  but  also  because  of  lack  of  suitable  material. 
Now  that  this  is  becoming  available,  and  as  improved  discrete  devices  are  being  demonstrated, 
the  waveguide  integration  is  likely  to  accelerate.  The  use  of  waveguide  techniques  in 
coherent  communications  applications  would  result  in  highly  practical  and  high  performance 
systems . 


9  SEMICONDUCTOR  GROWTH  AND  PROCESSING  TECHNOLOGY 


The  development  of  suitable  epitaxial  gto*rt.h  techniques  is  crucial  for  the  realisation  of  the 
advanced  electronic  and  optical  devices  mentioned  in  this  paper.  The  moat  widely  used 
epitaxial  technique  for  III-V  semiconductors  is  liquid  phase  epitaxy  (LPE),  but  it  is 
generally  held  that  this  will  not  be  the  most  suitable  for  waveguides,  and  the  more  advanced 
optical  and  electrical  devices.  This  is  primarily  because  a  large  area  of  material  with  a 
sufficiently  low  defect  density  is  hard  to  obtain.  However,  some  of  the  best  waveguide  devices 
to  date  have  been  achieved  using  LPE  (6,9,13). 


The  techniques  on  which  hopes  are  based  are  MO-VPE  and  MBE.  In  principle,  these  techniques 
should  give  large  areas  of  material  with  well  controlled  composition  and  thickness.  Both  MO- 
VPE  wd  MBE  have  demonstrated  good  GaAs/GaAlAs  laser  structures.  Waveguides  have  also  been 
made  out  of  GaAs-based  material  grovm  by  these  techniques,  but  further  development  is  needed 
before  optimum  structures  can  be  obtained  routinely.  One  limitation  at  present  seems  to  be 
doping  control  -  in  particular  the  demonstration  of  low-doped  (<10l5cm~^)  GaAlAs  layers.  The 
growth  of  InP-based  materials  is  at  a  very  rudimentary  stage.  Although  there  is  considerable 
work  World-Wide  on  adapting  the  MO-VPE  and  MBE  techniques  to  InGaAsP  and  InGaAlAs,  tJ>E  is 
still  the  only  option  at  present  for  InP-based  heterostructure  devices. 

Thus  it  seems  that  in  the  immediate  future.  LPE  is  likely  to  be  used  widely  to  demonstrate 
discrete  waveguides  and  the  simplest  waveguide  structures,  but  that  over  the  next  few  years 
MO-VPE  and  MBE  will  emerge  as  the  most  suitable  techniques,  allowing  much  larger  scale 
integration. 

In  the  demonstrations  to  date  of  electronic/optical  and  optical/optical  integrated  devices, 
non-optimum  epitaxial  layer  structures  have  been  employed.  For  exeunple,  a  heteroj unction 
bipolar  tr^msistor  has  a  similar  layer  structure  to  that  of  a  semiconductor  laser,  so  that  by 
compromising  the  performance  of  both  devices,  a  single  layer  structure  will  allow  the 
monolithic  integration  of  both  devices.  This  is  inherently  unsatisfactory,  as  the  resulting 
performance  can  be  so  inferior  as  to  negate  the  advantages  of  integration.  In  future  it  will 
be  desirable  to  grow  optimised  structures  on  different  parts  of  the  substrate.  This  could  be 
done  by  localised  area  epitaxy.  For  example,  MBE  is  ideally  suited  for  in-situ  shadow  masking . 
For  MO-VPE,  it  may  be  necessary  to  use  dielectric  masking.  Alternatively,  the  use  of  an 
epitaxial  photodeposition  technique  may  give  improved  resolution.  In  this,  an  ultra-violet 
laser  is  used  to  stimulate  growth,  either  by  localised  heating  or  chemical  dissociation. 

An  iioportant  implication  of  these  ideas  is  the  requirement  to  be  able  to  grow  on  processed  and 
structured  substrates.  In  many  growth  techniques  for  conventional  structures,  the  surface  of 
the  substrate  is  etched  away  inmedlately  prior  to  growth  to  give  a  good,  clean  surface  for 
nucleatlon.  This  might  be  unaccept^U^le  when  growing  over  certain  small  features,  and  there 
will  need  to  be  a  much  greater  understanding  of  the  surfaces  of  semiconductors,  and  the 
requirement  for  good  growth. 

Concerning  advances  in  device  fabrication,  the  subject  of  etching  has  already  been  raised.  It 
is  likely  that  semiconductor  etching  will  always  be  important  in  the  fabrication  of 
integrated  optical  circuits,  although  such  techniques  as  epitaxial  growth  through  slots 
etched  in  dielectric  layers  may  be  envisaged.  Dry  etching  processes  are  likely  to  become 
important  because  of  their  uniformity,  controllability,  and  high  yield.  III-V  semiconductors 
have  been  etched  using  ion  beam  milling,  plasma  etching,  reactive  ion  etching  and  reactive  ion 
beam  etching,  but  these  techniques  need  much  more  development,  and  a  greater  understanding  of 
the  basic  processes  involved.  The  topics  of  particular  importance  for  integrated  optics 
include  uniformity  over  large  areas,  anisotropic  etching,  material  selective  etching  euid 
damage  effects. 

Lithography  is  extremely  important  for  waveguide  devices.  Smooth  features  (on  a  <0.1sm  scale) 
and  f'e  ability  to  replicate  patterns  c  er  a  large  area  will  bo  more  important  than  very 
narrow  llnwidth  features.  The  relative  benefits  of  electron-beam  lithography,  and  the  more 
conventional  photolithography  will  need  to  be  assessed. 

A  final  point  worth  considering  is  the  incorporation  of  non-semiconductor  materials  on 
semiconductor  substrates.  Clearly  the  relatively  small  electro-  optic  coefficient  of 
conventional  semiconductors  and  dielectrics  is  a  disadvantage,  and  various  organic  materials 
with  much  higher  electro-optic  coefficients  and  other  non-linearities  are  being  studied  (101) 
and  may  eventually  be  deposited  on  semiconductors  to  allow  the  combination  of  optimum 
mater lals . 

10  CONCLUSIONS 

A  detailed  comparison  between  semiconductors  and  LlNb03  has  indicated  that  semiconductor 
waveguide  device  performance  should  eventually  be  comparable  with  that  of  LiNb03  in  many 
respects.  In  particular,  the  6:1  difference  in  the  electro-optic  figure  of  merit  is  offset  by 
the  greater  ability  to  achieve  good  overlaps  between  optical  and  electrical  fields.  Also, 
although  propagation  losses  are  still  higher  in  semiconductor  guides,  there  have  been 
considerable  improvements  recently,  and  there  appear  no  fundamental  reasons  why  comparable 
losses  should  not  evsntually  be  achieved.  LiNbOj  will  probably  always  be  superior  for 
acousto-optic  applications,  but  there  are  grounds  for  believing  that  semiconductors  will 
ultimately  give  higher  speed  performance. 

A  considerable  advantage  for  LiNb03  is  the  availability  of  large  area  starting  material  and 
relatively  easy  fabrication  techniques.  It  remains  to  tie  seen  whether  semiconductor  epitaxial 
growth  and  processing  technology  can  be  developed  sufficiently  to  produce  components  of 
comparable  cost.  Stability  and  reliability  problems  may  hamper  the  implementation  of  LiNb03 
devices  for  some  applications. 

The  advantages  of  semiconductors  that  My  outweigh  minor  performance  or  cost  dif f ersntials  is 
the  ability  to  integrate  a  variety  of  electronic  and  optical  devices  on  one  chip.  The 
developaient  of  epitaxial  growth  techniques  has  allowed  the  deisonstratlon  of  a  wide  range  of 
novel  devices  in  III-V  semiconductors,  some  of  which  have  already  been  integrated  together  in 
SMll  scale  circuits.  So  far,  most  of  the  attention  has  focussed  on  optoelectronic 
integration,  la  lasers,  detectors  and  electronic  circuitry.  The  wider  incorporation  of 
waveguides  in  optical  circuits  is  expected  in  the  near  future  as  growth  techniques  such  as  MO- 


VPE  and  MBE  reach  maturity.  Semiconductor  picoeecond  optical  eourcee  and  detectore  have  been 
demonstrated  in  discrete  form,  and  optical  bistability  has  been  observed.  The  possibilities 
for  Integrating  these  devices  are  promising,  bringing  the  prospect  of  all-optical  logic  much 
closer . 
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DISCUSSION 


H.M.Gibbs,  US 

You  mentioned  one  db  per  centimetre  of  loss  in  GaAs  at  1  Sb  microns.  Could  you  tell  us  what  the  origin  of  the  free- 
carrier  absorption  is  and  how  it  changes  as  you  move  the  wavelength  toward  the  band  edge? 

Author's  Reply 

Clearly  losses  get  higher  as  you  go  near  the  band  edge.  In  our  devices  we  try  and  work  as  far  from  the  band  edge  as 
possible.  It's  clear  also  that  losses  increase  as  you  go  to  much  longer  wavelengths  because  of  increased  free-carrier 
absorption  We  want  to  operate  at  an  optimum  position  for  low  loss,  and  we  haven't  studied  the  effects  of  getting  higher 
loss  by  going  nearer  the  band  edge. 
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ABSTRACT 

At  microwave  frequencies  the  application  of  multiport  junctions 
to  making  phase  and  amplitude  measurements  is  well  established.  In 
this  technique  unknown  signals  are  combined  in  a  multiport  to  give  a 
number  of  output  signals.  Monitoring  the  power  at  each  output  port 
then  enables  the  required  signal  information  to  be  deduced.  Here  we 
investigate  the  equivalent  optical  measurements  made  when  a  number  of 
light  Deams  are  mixed  in  a  lossless  junction  and  then  detected  using 
photoemissive  devices.  We  call  this  optical  multiport  detection  by 
analogy  with  the  microwave  theory.  Applications  of  some  optical  mul¬ 
tiports  to  various  phase  and  amplitude  measurement  problems  are  dis¬ 
cussed.  The  quantum  theory  of  multiport  detection  is  introduced,  and 
the  quantum  operator  corresponding  to  the  complex  amplitude  measure¬ 
ment  made  by  a  particular  multiport  is  presented.  It  is  not  known  how 
to  realise  practically  a  measurement  of  the  quantum  maximum  likelihood 
phase  estimator,  however  the  performance  of  the  multiport  operator  in 
measuring  pnase  comes  within  seventy  percent  of  this  limit. 


Introduction 


Central  to  optical  communication  and  optical  computing  systems  is  the  combining  and 
detection  of  light  beams.  In  a  heterodyne  or  homodyne  communication  system  one  mixes 
a  local  oscillator  with  the  incoming  signal  before  detection,  using  for  example  a 
beamsplitter  or  a  fibre  coupler.  In  a  computer  one  may  be  interested  in  splitting  an 
optical  signal  into  many  different  channels,  or  in  combining  signals  on  a  detector  to 
realise  a  logic  element. 

We  intend  to  examine  a  large  class  of  lossless  beam  combining  which  we  call  optical 
multiport  detection.  The  name  Is  coined  from  microwave  frequencies  where  the  theory 
of  multiports  is  well  established.  At  these  frequencies  there  has  been  recent 
interest  in  using  various  multiport  junctions  for  relative  phase  and  amplitude  meas¬ 
urements  li,2]  and  these  techniques  are  now  being  used  to  construct  automatic  network 
analysers  (31.  It  seems  that  some  insight  may  be  gained  into  the  equivalent  optical 
measurements  by  bearing  the  microwave  ideas  in  mind.  These  microwave  multiport  meas¬ 
urement  techniques  are  particularly  suited  to  realisation  at  optical  frequencies 
since  they  rely  solely  on  power  measurements  from  several  ports,  which  transfers  to 
photon  counting  in  the  optical  case.  One  may  thus  investigate  how  photon  number 
measurements  relate  to  amplitude  and  phase  measurements  and  what  implications  this 
has  on,  for  example,  the  design  of  receivers  in  coherent  optical  communication  sys¬ 
tems  . 

We  will  firstly  show  how  the  main  features  of  microwave  multiport  theory  carry  over 
to  optical  frequencies,  and  consider  examples  of  homodyne  circuits  making  complex 
amplitude  measurements.  We  then  briefly  describe  a  multiport  we  are  building  to 
demonstrate  these  principles.  The  quantum  theory  of  multiport  measurements  is  intro¬ 
duced  and  the  result  of  applying  this  to  our  experiment  is  presented.  We  finally 
compare  the  quantum  optimum  phase  measurement  on  a  coherent  state  with  that  achiev¬ 
able  by  our  multiport. 


Semiclassical  theory 

first  we  review  some  of  the  main  features  of  microwave  multiport  theory  as  this  will 
carry  over  in  a  very  similar  way  to  optical  frequencies.  Indeed,  for  most  cases  of 
current  practical  interest  the  only  extension  required  at  optical  frequencies  is  the 
introduction  of  shot  noise  resulting  from  the  detection  of  discrete  photons.  In  the 
semiclassical  model  this  noise  is  assumed  to  be  a  Poisson  process,  with  the  detection 
rate  proportional  to  the  incident  power  level,  however,  it  will  be  pointed  out  later 
that  this  is  not  an  accurate  enough  description  of  the  detection  statistics  for  all 
possible  quantum  states  of  the  signal  field.  It  does,  however,  give  the  right  pred¬ 
ictions  for  a  certain  class  of  states  which  conveniently  include  the  outputs  from 
most  presently  available  light  sources* 

Consider  a  general  waveguide  junction  with  M  ports  as  shown  in  figure  1.  We  assume 
for  simplicity  that  only  one  propagation  mode  in  each  guide  is  supported  and  that  we 
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need  only  consider  a  single  frequency  signal.  The  complex  amplitude  of  the  input  to 
port  m  IS  denoted  by  the  mth  component  of  the  vector  a  and  similarly  the  reflection 
from  port  m  has  a  complex  amplitude  represented  by  the  mth  component  of  b.  The  out¬ 
put  complex  amplitudes  are  related  to  the  input  complex  amplitudes  by  th’e  scattering 
matrix  S-  If  the  multiport  junction  is  lossless  power  is  conserved  and  the  scatter¬ 
ing  matrix  is  unitary.  We  have  then 


b  =  S  a 


with 


S  =  S  S 


;+  =  1 


The  power  output  to  a  detector  at  the  rath  port  is 
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An  important  example  of  a  four  port  circuit  is  shown  in  figure  2a.  This  is  the  direc¬ 
tional  coupler  which  forms  the  main  building  block  in  a  lot  of  microwave  circuits.  A 
suitable  scattering  matrix  for  the  directional  coupler  is 


0  0  p  -q 

0  0  q  p 

p  q  0  0 

-q  p  0  0 


with 


IpI^  +  |q|^  =  1 
*  * 
pq  -  qp  =0 


(3) 


Figure  2b  shows  how  a  cube  beamsplitter  behaves  as  an  optical  directional  coupler. 
Directional  couplers  may  also  be  made  in  integrated  form  or  by  bringing  two  optical 
fibres  into  close  contact.  In  fact  it  can  be  shown  that  any  completely  matched  loss¬ 
less  reciprocal  four  port  behaves  as  a  directional  coupler  {41 ,  so  it  is  not  surpris¬ 
ing  that  they  can  be  realised  in  many  different  ways. 

A  typical  optical  heterodyne  or  homodyne  detection  scheme  uses  a  beamsplitter  (direc¬ 
tional  coupler)  to  mix  the  local  oscillator  and  signal  beams  on  the  detector  surface. 
This  is  shown  schematically  in  figure  3.  We  assume  equal  power  beamsplitting  so  that 

|p|^  •  |q|^  •  1/2  (4) 

The  signal  and  local  oscillator  combine  to  give  outputs  b^  and  b^.  The  detectors  then 
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Figure  2.  The  direct loaal  coupler  is  an  Important  building  block  in 
microwave  circuits,  (a)  shows  schematically  how  It  may  be  realised  at 
microwave  frequencies  by  coupling  the  fields  through  small  holes  between 

2  2 

guides.  If  the  device  is  lossless  then  |p|  *i‘|ql  ■  1.  (b)  shows  how  a 
cube  beamsplitter  behaves  as  a  directional  coupler  at  optical  frequen¬ 
cies. 
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Figure  3.  A  single  beamsplitter  is  used  to  mix  the  signal  and  local 
oscillator  in  a  homodyne  or  heterodyne  communication  system.  This  Is  a 
balanced  configuration  where  the  signal  and  local  oscillator  are  split 
equally  between  both  detectors.  We  have  then  “  2) a^ |  ] a^^ ) cos©  where 

6  la  Che  phase  of  Che  signal  relative  to  some  eero. 


measure  the  powers  and  P^. 

Using  equations  3  and  4  we  have 
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and 
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Where  e  is  the  phase  difference  of  the  two  inputs  relative  to  a  zero  determined  by 
the  beamsplitter. 


If  we  monitor  the  local  oscillator  power  so  that  |a^|  is  known  then  we  can  deduce  the 

'in  phase'  component  of  the  signal  complex  amplitude.  In  a  microwave  system  an  extra 
sampling  port  is  often  included  in  the  circuit  to  do  the  monitoring,  however,  it  the 
local  oscillator  is  stable  enough  then  it  may  be  omitted. 


in  many  applications  it  suffices  to  measure  only  one  component  of  the  signal  complex 
amplitude  relative  to  the  local  oscillator.  This  is  the  case  in  a  two  level  phase 
shift  keying  system,  or  a  homodyne  amplitude  shift  keying  system,  provided  that  the 
phase  of  the  local  oscillator  is  locked  to  the  zero  phase  of  the  signal.  In  other 
applications,  however,  we  may  need  to  measure  both  components  of  the  complex  ampli¬ 
tude.  This  IS  the  case  if  the  local  oscillator  phase  is  not  known,  or  if  we  have  a 
multilevel  phase  shift  keying  system. 


If  we  wish  to  measure  both  'in  phase*  and  'quadrature*  components  of  the  complex 
amplitude  then  we  have  to  go  to  a  more  complicated  multiport  arrangement.  The 
minimum  number  of  power  measurement  ports  required  to  do  this  is  three,  and  a  possi¬ 
bility  for  realising  this  is  shown  in  figure  4a.  However,  an  alternative  configura¬ 
tion  using  four  power  measurements  is  shown  in  figure  4b.  This  is  an  eight  port  cir¬ 
cuit,  built  from  beamsplitters,  in  which  four  ports  are  input  and  four  ports  are  out¬ 
put.  This  particular  circuit  can  be  simply  understood  as  two  of  the  single  beam¬ 
splitter  schemes  arranged  so  that  the  relative  phase  of  the  local  oscillator  and 
signal  is  shifted  by  */2  in  each  case.  One  combination  of  signal  and  local  oscilla¬ 
tor  then  measures  the  and  the  other  combination  measures  the  'quadrature'  component. 


The  S  matrix  for  the  eight  port  is  assumed  to  be  of  the  form 
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to  d  are  excited  then  we  need  only  consider  ,  which  we  will 

—forwards 

simply  by  S.  By  suitable  choice  of  the  optical  path  lengths  between 
the  forwards  scattering  matrix  may  be  chosen  as 
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If  the  local 
tiiere  is  no 
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oscillator  and  signal  have  complex  amplitudes  a^  and  a^  respectively  and 

input  into  ports  c  and  d  then  the  differences  P  -  and  P  -  p.  qive 

e  I  g  h 

and  tjuadrature  components  of  the  signal  respectively. 
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This  multiport  can  therefore  be  used  to  determine  both  amplitude  and  phase,  so  we 
have  made  a  homodyne  measurement  of  the  complex  amplitude  of  the  signal  relative  to 
the  local  oscillator. 


Measuring  both  quadratures  of  the  signal  has  some  points  which  may  be  useful  in  cer¬ 
tain  communication  problems.  The  four  power  measurement  scheme  provides  the  sensi¬ 
tivity  of  a  homodyne  system  regardless  of  the  phase  of  the  incoming  signal.  In  a  con¬ 
ventional  homodyne  system  the  phase  of  the  local  oscillator  must  track  that  of  the 
signal  exactly  in  order  to  maintain  the  sensitivity,  however,  in  this  example  either 
the  sine  term  or  the  cosine  term  will  be  sensitive  to  the  presence  of  a  signal 
regardless  of  its  incoming  phase.  In  fact  if  the  two  terms  are  squared  and  added 
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Figure  4.  If  boch  'In  pheee'  and  'quadrature'  coaponente  of  the  signal 
are  required  then  we  aust  sake  at  least  three  power  aessureisents  (in  a 
lossless  tbiltlport).  (a)  shows  a  configuration  built  froa  beoasplltters 
which  uses  the  alniaua  number  of  detectors.  This  exanple  uses  two  equal 
power  splitters  and  one  two  thirds  *  one  third  splitter.  (b)  shows  a 
simpler  configuration  using  four  detectors  where  oni  half  of  the  circuit 
makes  the  'in  phase'  measurement  and  the  other  half  makes  the  'quadra*- 
ture'  messuement. 


then  we  obtain  immediately  the  amplitude  squared  of  the  signal. 


There  is  present  interest  in  phase  shift  Keying  communications  systems  using  horaodyne 
detection,  however,  there  is  great  practical  difficulty  in  stabilising  the  lasing 
frequency  of  an  independent  local  oscillator  and  then  locKing  its  phase  to  that  of 
the  signal  zero.  The  four  power  scheme  could  be  used  to  detect  phase  shifts  in  the 
incoming  signal  without  the  necessity  for  the  local  oscillator  phase  to  be  locked  to 
the  signal,  provided  the  rate  of  phase  change  due  to  modulation  was  much  greater  than 
that  due  to  the  difference  frequency  between  the  signal  and  local  oscillator. 


There  is  also  a 
gyroscopes,  and 


requirement  for  making  accurate  phase  measurements  in  optical  fibre 
3x3  directional  couplers  have  already  been  used  to  improve  their 


sensitivity  15).  This  is  another  application  o£  multiport  measurement  principles. 


PHASE 


Figure  3.  Experimental  arrangement  to  demonstrate  multiport  measurement 
principles.  This  Is  a  horaodyne  system  with  the  local  oscillator  and  sig¬ 
nal  beams  taken  from  the  same  light  source. 


E'xper imentai  Work 

In  order  to  investigate  a  simple  multiport  circuit  experimentally  we  have  chosen  the 
four  power  measurement  scheme  discussed  here  and  are  building  a  homodyne  system  to 
make  relative  amplitude  and  phase  measurements.  The  arrangement  is  shown  in  figure 
5.  To  avoid  the  problems  of  stabilising  the  frequencies  of  the  local  oscillator  and 
signal  we  have  derived  both  from  the  same  source,  a  one  milliwatt  single  frequency 
helium-neon  laser.  We  have  used  bulk  optics  and  free  space  propagation  in  our  ini¬ 
tial  experiments  for  flexibility  and  to  avoid  the  problems  of  maintaining  polarisa¬ 
tion,  altnough  it  is  envisaged  that  a  production  detector  would  be  made  in  integrated 
form.  After  splitting  the  light  into  local  oscillator  and  signal  beams  the  signal 
IS  attenuated  using  neutral  density  filters  and  modulated  using  a  Bragg  ceil.  The 
two  are  then  recombined  in  the  block  of  four  beamsplitters  comprising  the  eight  port 
detector.  Photodiodes  detect  the  four  output  powers.  Since  the  wavelength  of  light 
IS  0.6  microns  and  we  intend  to  measure  phase  to  an  accuracy  of  a  few  degrees  the 
system  must  be  stable  to  about  about  10  nanometers.  To  minimise  these  difficulties  we 
have  chosen  a  balanced  system  wnere  only  the  relative  path  lengths  are  important. 
Piezo  electric  crystals  are  used  to  maintain  the  position  of  the  beamsplitters  to 
tine  resolution,  and  these  will  eventually  be  controlled  by  a  microcompu  .er  which 
will  keep  the  system  in  alignment  and  calibration.  A  Piezo  electric  movement  is  also 
used  to  vary  the  phase  of  the  signal  beam.  The  Bragg  Cell  limits  modulation 
bandwidth  to  3  MHz,  so  the  first  experiments  have  been  performed  with  1  microsecond 
pulses  at  about  15  KHz  repetition  rate.  The  statistics  of  these  measurements  will 
eventually  be  fed  into  the  microcomputer  to  be  analysed.  To  simulate  a  viable  com¬ 
munication  system  work  would  have  to  be  done  at  higher  frequencies. 

Initial  trials  show  accuracy  to  about  five  degrees  of  phase  and  ten  percent  in  ampli¬ 
tude  with  a  signal  .’nergy  corresponding  to  about  10^  photons  in  each  pulse,  although 
the  system  has  not  yet  been  properly  calibrated.  At  the  time  of  writing  no  work  has 
been  done  on  reducing  the  noise. 


Quantum  Theory 

Inevitably  we  are  interested  in  the  noise  performance  of  multiports  and  the  parame¬ 
ters  dictating  this.  At  optical  frequencies  the  fundamental  noise  source  is  the 
quantum  mechanical  statistics  of  the  detection  of  photons,  so  a  few  results  of  the 
the  quantum  theory  are  presented  below,  although  a  detailed  analysis  would  be  out  of 
place  here. 


The  quantum  mechanical  noise  in  making  a  measurement  is  determined  by  both  the  state 
of  the  system  and  tne  operator  correspfonding  to  that  measurement.  In  a  communication 
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cnannel  we  imagine  the  system  we  are  measuring  to  be  the  electromagnetic  field  enter¬ 
ing  the  detector,  the  state  of  which  depends  on  the  message  sent  by  the  transmitter. 
We  consider  tne  quantum  measurement  to  be  complete  when  the  signal  has  been  amplified 
in  some  way,  for  example  by  photoemissive  detection  and  avalanche  gain  in  a  photomul¬ 
tiplier  tube,  so  that  it  can  be  considered  classically,  and  in  principle  measured  as 
accurately  as  we  wish. 

There  exists  a  well  developed  theory  of  quantum  optimum  detection  which  is  concerned 
with  choosing  the  best  measurement  operators,  given  a  set  of  possible  system  states 
with  their  probability  distribution,  and  a  cost  function  for  the  noise  of  the  meas¬ 
urement.  An  excellent  coverage  of  most  of  the  results  of  this  theory  is  given  by 
Helstrom  [6]  (see  also  [7]  for  a  shorter  introduction).  Unfortunately  not  many 
results  exist  for  the  translation  of  these  abstract  measurements  into  a  physically 
realisable  experiment,  however,  some  important  cases  have  been  solved  [8,9,10,11, 
also  6  pp.  160-165J.  Even  for  measurements  for  which  the  physical  realisation  of  the 
optimum  operator  is  not  known,  the  abstract  theory  still  provides  a  useful  yardstick 
with  wnich  to  evaluate  the  performance  of  real  systems  making  the  same  measurement. 


We  would  like  to  know  what  quantum  operator  corresponds  to  a  given  multiport  measure- 
laent.  With  this  operator  we  can  evaluate  the  multiport  noise  performance  in  abstract 
quantum  terms,  gain  a  better  understanding  of  the  sources  of  noise,  and  compare  the 
performance  of  this  measurement  technique  with  that  of  the  absolute  quantum  optimum. 


As  a  starting  point  for  our  calculations  we  take  an  important  theorem  provided  by 
Yuen  and  Shapiro  [liN  which  gives  a  stepping  stone  between  the  abstract  quantum 
measurements  and  t/)e  quantities  we  observe  with  an  electronic  detection  system.  This 
theorem  identities  the  pnotoe lectron  counting  distributions  from  photoemissive  detec¬ 
tors,  such  as  photodiodes  or  photomultiplier  tubes,  with  the  abstract  quantum  meas¬ 
urement  of  tne  photon  number  operator.  The  equivalence  of  these  two  moasuremonts  has 
been  assumed  intuitively  for  a  long  tune,  but  Yuen  and  Shapiro  with  work  based  on 
that  of  Kelly  and  Kleiner  [Il{  have  given  a  proof  113,111. 


wo  cnnsi'iur  a  detector  array  of  unit  quantum  efficiency  with  the  mth  surface  detect¬ 
ing  tnu  photons  from  the  mth  port  of  our  multiport.  The  photon  number  operator  for 
tiie  outi)at  field  in  this  port  is  ttion 


hth 


(  12) 


Where  is  the  photon  annihilation  operator  for  the  single  mode  output  field  in  the 

mth  port  ( proper t lona 1  to  the  complex  electric  field  operator)  and  is  its  Hormi- 
tian  conjugate,  or  the  creation  operator. 


In  the  ^luanL  multiport  problem  we  have  a  sot  of  input  fields  with  quantum  states 
described  by  tneir  density  operator,  and  a  set  of  detectors  which  operate  on  combina¬ 
tions  of  these  fields.  We  assume  that  the  electric  field  operator  transforms  between 
the  inputs  and  outputs  of  tlio  multiport  in  the  same  way  that  the  classical  fields  do: 
via  tile  scatte'ring  :iiatrix.  Since  the  photon  annihilation  operators  are  related  to 
the  electric  field  operators  a  norma  1 isat ion  constant  then  these  also  transform 
via  tne  scatteririj  matrix.  It  d  are  tiie  set  of  plioton  annihilation  operators  Cor  the 
output  fields  and  a  are  tlie  set  of  annihilation  operators  tor  the  input  fields,  with 

Hermitian  conjugates  and  b"^  respectively,  tnen  we  fiave 


b 


(13) 


I'tie  j  ust  1 1  icd  t  ion  tor  this  is 

Tne  quantum  ticld  operators  transform  in  exactly  the  same  way  as  the  classical 
multiport  fields.  This  is  analogous  to  the  Ucisonborg  equations  of  motion  for 
vjperati^r  t  runs  t  orma  t  loris  in  time. 

The  l/ohaviour  <jL  the  quantum  pnuitiport  and  classical  multiport  are  exactly  simi¬ 
lar  wtien  the  i-iput  tieUls  are  a  random  superposition  of  coherent  states.  The 
cofuTeht  state  is  the  closest  quantum  analog  to  the  classical  stable  oscilla¬ 
tion. 

ilie  Lifld  coiiijnutat'jr  tjetween  the  output  fields  is  the  same  -is  between  the  input 
fields.  That  is  Lho  field  operators  for  different  output  ports  are  independent 
(they  c<jmmute).  Von  Uoumann  states  that  any  canonical  transtormat  ion  (one  whicli 
preserves  th(.'  com.nutator)  cat)  be  expressed  as  a  unitary  transforma  t  ion . 

This  assuiiption  is  compatible  with  those  .ilreaily  made  in  the  litfO'ature  aljout 
the  [lature  .j.‘  bearasp  I  1 1 1  i  nj  . 


I 


Ttie  pnotvjn  number  operator 


tor  each  port  is  then 


ri 

m 


(i  a)„ 


(  14  ) 
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.  hA.;/  McJin;LA'r  U.>.\  uF  SKMICCFN'DUCroR  LASFR  DIODES 

;:;f  ^ivnamic  ran<-jc  of  the  picosecond  photoconduct ive  switches  allows  the  use  of  ultra- 

c  1  t  r  ica  1  output  pulses  for  a  direct  modulation  of  semiconductor  lasers.  A  GaAs:Cr- 
c  1  coSL'-^.-nd  switc’i  h.as  been  used  to  directly  drive  a  GaAs:GaAlAs  buried  heterostructure 
l  iSfi  IJ  to  study  the  transient  infrared  laser  emission  under  ox‘--emely  fast  carrier 
in  O'.  •  t  1  on  (  sl'C  *■  luu  ro  7  )  , 


I  (.  u  s  t  u !  ■  ( j 


\!  r  an.  ;er..nt  :  ur  d  i :  ■  c  t  'Piin  switchinq  of  a  laser  diode  by  the 
i  1  >se..- Olid  pulse  train  of  a  GaAstCr  photoconducti  ve  switch. 

I;,.  Laser  lioie  under  rapid  qatn  modulation  is  emitting  infrared  pulses  comparable  in 
width  vind  strn.7nqly  synch ron  1  ?red  to  the  electrical  driving  pulses.  The  short  output  pulses 
of  the  semiconductor  laser  have  been  analysed  in  time  by  a  Synchroscan  streak  camera  with 
1  temporal  resolution  •  10  ps. 

As  has  been  elucidated  by  a  simultanuous  spectral  analysis  the  emission  of  the  buried 
.'u> t eros t rue t ure  laser  under  ultrafast  modulation  is  always  multimode  in  contrast  to  cw 
driving  conditions  where  clean  single  longitudinal  mode  operation  is  observed  (figure  8) . 
Only  by  applying  simuitanuously  a  DC  bias  the  laser  emission  remains  single  mode.  However, 
th<.'  emitted  optical  pulses  are  considerably  broadened  in  time  /44/.  This  temporal  pulse 
broadening  can  be  attributed  to  diffusion  damping:  homogeneously  injected  carriers  as  a 
consequence  of  spatial  hole  burning  diffuse  preferably  into  the  center  part  of  the  trans¬ 
verse  mode  volume  and  give  a  contribution  to  stimulated  emission  even  after  switching  off 
of  the  electrical  driving  pulse.  This  pulse  broadening  effect  which  has  also  been  observed 
in  gain  guided  lasers  /48/  is  of  importance  for  the  development  of  high-speed  optical 
communication  systems,  whore  transmission  rates  of  •  1  Gbit/s  are  planned  in  the  near 
future.  T:u?  difficulty  of  pulse  broadening  possibly  can  be  overcome  by  injection  locking 
A'i  or  by  the  use  of  ultrashort  laser  diode  cavities  748/ . 


K ;  i.M:  iv'rptjral  ind  spectral  output  for  unbiased  (8a)  and  dc-biased  GaAs/GaAlAs  BH-laser 
(8b).  For  the  unbiased  operation  (8a)  the  driving  pulse  amplitudes  are  1.15  and 
1.  >3  times  the  threshold  value  ^-j^.For  the  the  dc-biased  operation  (Ub)  the  dc 
-'irrent  is  1.6  tines  the  threshold  current  Ith'  superposed  by  pulse  amplitudes  of 
'.u  *;ines  the  threshold  value  Ug  j-jj. 

Tw  .;:.nbir:.it  ion  of  Laser-activated  optoelectronic  switch  with  a  Synchroscan  streak  camera 
(  fir-iro>  7)  [.rovides  a  very  useful  tool  to  study  picosecond  transients  in  light  emitting 

ii  d-  s  uni  semiconductor  lasers  at  GHz  modulation  rates. 

T  •  t'  ♦' 1  c'- 1  r  I '.a  1  'Jrivin'i  pulses  can  be  manipulated  optically  to  form  high  frequency  electrical- 
j  t -p,i  f  ‘  o  rns  (sec  next  chapter)  suitable  for  driving  semiconductor  lasers  at  high-bit  rates 
(  1  Oio*  s)  'uriier  suppression  of  the  so-called  pattern  effect  ,-'50/  and  under  control  of 
r  1  1 X  a  :  i  ■  *n  ■  -  sc  i  1  1  a  t  i  ''.n  s  . 


liLClI  SPLKD  ni:vicb:  CHAKACTKR  l /.ation 

The  a  M  an'-jemon  t:  in  fiijure  4  can  be  extended  to  a  qoncral  op'tDc  I'-t-t  r  nnii;  s.ir:  ■  1  i  :v 

system  for  the  charac  t  er  i  i'at  i  on  of  hiqh  speed  electronic  devices: 

v)ri  <jne  hand  the*  picosecond  {diotoconductive  switch  Ci^n  be  considereti  as  seiijii-  th^r  aitra- 
siioi  t  electricai  pulses,  on  the  other  hand  it  can  be  used  as  ultrafast  saRspljn:  Mta  for 
the  measurerr.ont.  ed  extreriK?!'/  short  elfc‘ctrical  signals.  Both  capab  1 1  1 1  i  »s  can  i:'.-  'I'L  i  ru.-d 
if  twc'  i^h  'I  lacondiuo  1  n  i  hjovices  are  connected  in  series  with  a  '■.i:;;  sp--f:  ievi  :•  .t*- 

'/es  t  1 '  ;a  t  (.'d  in  fH-twet'n  as  shown  in  f  iviure  6. 


fep  rr,ofor 
drive 


'  1  u  I  *  •  t .  :  ;  p  t  ^ 


.•-niv'  sa:*  I  liira  ;-.y;-.ron.  f..;t  hi-pi  spee  :  '.ievice  cha  rac !  e  i- 1  sa  f  i  . 


Tiie  hi^'h  Speed  iiovice  under  tost  is  drivt'n  by  tlu*  electrical  output  pulses  of  a  fast  ]'S;o- 
t '  jC'.an'.luc  I,  or .  The  electrical  response  of  the  device  is  sampled  by  a  second  f'hotoconductor 
whicfi  IS  strunqiy  synchronised  to  the  drivinq  photoconductor  since  both  are  activated 
optically  by  the  same  picosecond  pulse  train.  The  measured  crosscorrelation  curve*  QCD  is 
a  t.’onvulution  of  the  device  resp)onse,  the  sampling  photoconductor  response  and  the  optical 
pulse  profile.  The  t ime- resoiu t ion  of  this  optoelectronic  sampling  system  is  by  an  order 
;.)f  majnilude  high(*r  tiian  that  of  conventional  electronic  sampling  systems.  With  the  arranui.’- 
ment  sketclu.-d  in  figure  6  for  the  first  time  the  impulse  response  (25  ps  FWHM)  and  the 
internal  dt'lay  ps)  of  a  high  speed  FET  has  been  directly  measured  ,‘21/.  The  most 

Widely  used  convent loni- 1  approach  to  measure  the  speed  of  fast  Ft'Ts  is  to  connect  a  number 
of  therTi  in  a  tandem  configuration  in  a  ring  oscillator  to  a  string  of  identical  logic  gates 
ukI  invert f'r. S' .  from  the  response  of  the  rin j  oscillator  the?  individual  device  properties 
can  be  deduced  only  indirectly.  The  time  resolution  of  picosecond  optical  electronics  iias 
ix  i'n  cxLenued  to  the  subpicosecond  regime  by  an  eloctrooptic  sampling  tcchnigiie  which  uses 
traveUiru;  wave  Pockels  cell  in  conjunction  witli  a  subpicosocond  laser  system  ./43,/. 
ih,t.“  jicrformance  of  the  picosecond  optoelectronic  sampling  is  compared  in  table  3  to  tiiat 
>.f  \  cf.>nvent  long  I  pure  electronic  measurement  scheme  and  to  that  of  a  more  future  approach 

ot  "superconduct ing  electronics"  instrumenta t ion . 

rtu*  most  attrac; ive  features  of  picosecond  optoelectronics  as  high  speed,  large  dynamic 
taiijc,  nc\UigibIe  iitter  and  very  high  sampling  rates  allow  an  efficient  signal  averaging 
the  measurement  of  extremely  low  level  signals  without  requiring  high  speed  external 
eit’Ctricai  circuitry.  Unlike  to  a  superconductive  electronics  approach,  which  uses  Joseph- 
ui  ti  L(..)ns  and  SQUID's  (Superconducting  Quantum  interference  Devices)  as  ultrafast 

•  the  picosecond  optoelectronic  measurements  are  not  restricted  to  extremely  low 

g  ing  temperatures  . 

Tuide  ) 

fliih  speed  electronic  measurements  schemes  (after  /25/) 
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4.  OPTOELECTRONIC  SAMPLING  TECHNIQUE  FOR  HIGH  SPEED  MATERIAL  CHARACTERIZATION 
The  simplest  way  to  determine  the  transient  response  of  a  photoconducting  material  is  the 
analyis  of  the  electrical  signal  monitored  at  a  fast  sampling  oscilloscope,  which  is  a  con¬ 
volution  of  the  optical  pulse  width,  the  impulse  response  of  the  sampling  head,  connectors, 
transmission  lines  and  the  time  material  response.  Since  most  of  these  are  not  known  pre¬ 
cisely,  it  IS  difficult  to  estimate  the  true  detector  response  by  deconvolution.  For 
characterizing  materials  and  devices  with  response  times  below  25  ps  conventional  elec¬ 
tronic  instrumentations  cannot  be  used. 

A  new  optoelectronic  sampling  technique  originally  developed  by  D.  Auston  and  coworkers 
/4,17/'  which  uses  ultrafast  photoconducting  devices,  however,  is  capable  to  measure  elec¬ 
tronic  signals  with  picosecond  time  resolution. 

The  principle  of  this  measurement  technique  for  material  characterization  is  sketched  in 
figure  4.  Two  photoconductors  are  connected  in  series  on  the  same  top  electrode  of  a  micro¬ 
strip  transmission  line.  A  pulse  train  of  a  mode-locked  picosecond  laser  is  split  up  in 
two  parts  to  activate  the  first  gap  photoconductor  and  after  a  variable  delay  T  the  se¬ 
cond  gap  photoconductor  on  the  microstrip  transmission  line  top  electrode.  The  electrical 
signal  of  the  first  photoconductor  propagates  along  the  microstrip  electrode  and  can  be 
sampled  quasi-optically  at  the  second  gap  by  the  delayed  picosecond  pulse  with  a  gating¬ 
time  comparable  to  the  optical  pulse  width  (typically  3-5  ps  in  synchronously  pumped 
mode-locked  dye  lasers).  The  integrated  charge  Q(T)  sampled  at  the  output  side  of  the  de¬ 
vice  as  a  function  of  time  delay  T  is  proportional  to  the  convolution  of  the  responses 
of  the  two  photoconductors  /4/ 

Q(T)  Qc  /U(t)U(t+T)dt  (4) 

If  the  two  photoconductors  are  identical  and  the  two  gaps  are  of  the  same  dimensions  Q(T) 
represents  the  autocorrelation  function  of  the  material  response.  From  the  half  width 
(FWHM)  of  the  autocorrelation  function  the  real  pulse  width  Tp  of  the  electrical 

signal  can  be  deduced  by 

Tp  ^  ‘  „ 

where  A  is  the  factor  in  the  order  of  unity  which  depends  from  the  pulse  shape  (A  -  1 /► 2 
0.7  for  a  Gaussian  pulse  profile. 

Figure  5  shows  the  autocorrelation  functions  measured  on  SOS-photoconductors  irradiated 
with  different  doses  of  150  KeV  0  -ions  /  I  1,46/. 


Figure  4 

Optoelectronic  sampling  technique  for 
high  speed  material  characterization 
/  4  ,  1  7  / 


Ion-beam  bombarijed  silicon-on-sapphire 


Figure  5 

Autocorrelation  traces  obtained  by  opto- 
electr  jruc  sampling  of  0  -ion  beam  bom¬ 
barded  silicon-on-sapphire  /46/ 


In  practice  complications  arise  from  electrical  reflections  by  impedance-mismatch  at  the 
coax-microstrip  connections. 

Additionally  It  has  to  be  taken  into  account  that  unsymmetrical  electrical  pulses  propaga¬ 
ting  along  microstrip  transmission  lines  can  be  broadened  or  compressed  as  a  consequence 
of  frequency  dispersion  /47/. 

By  an  integrative  lock-in  measurement  of  the  transmitted  charge  Q(T)  with  typical  inte¬ 
gration  times  of  Is  a  s  igna  1- to-noi  se  ratio  of  lO^  has  been  achieved  f  or  mV-electr  ica  1  sig¬ 
nals  /  1 ,  1  7  /  . 


Table  2 

Comparison  of  performance  parameters  of  standard  semiconductor  junction  photodiodes  and  new 
photoconduct  1 VC  photodetectors . 


Material 

Sens ing 
typo 

Rise¬ 
time 
.  ps’ 

Response¬ 

time 

.ps. 

Spectral 

range 

^m_ 

References 

Si 

PIN 

3  5 

50 

O. J-1  , 

.  1 

Si 

APD 

8  5 

1  20 

0.3-1, 

.  1 

GaAs/CaAlAs 

APD 

75 

100 

0.4-0. 

.9 

Ge 

PIN 

50 

75 

0.5-1. 

.8 

a-Si 

PC 

•  5 

-  10 

0. 3-1 . 

.  1 

3 , 4 

Si  (RD) 

PC 

•  5 

-  5 

(•0.01)-1  . 

.  1 

17,40 

GaAs:Cr 

PC 

<5 

60 

0.4-1 , 

.0 

8-12 

InP (RD) 

PC 

'  5 

•  5 

0.6-1  , 

.  5 

18,19 

p-InGaAs 

PC 

•  40 

70 

1 .0-1 , 

.  7 

1  4 

.  -Ge 

PC 

50 

7 

CdSe 

PC 

20 

22 

Abbreviations; 

PIN . . . p-i-n-type  rhotodiode 
APD. . .Avaianche-f  pe  photodiode 
PC  .  .  .Photoconducr.ive  photodetector 
RD  ...Radiation  damaged  material 


Figure  3 

Photoresponse  of  picosecond  photoconductive  detectors  activated  by  the  pulse-train  of  a 
synchronously  pumped  mode-locked  dye  laser; 

a)  Comparison  of  photoresponse  of  SOS-photoconduCtive  detector  with  that  of  a  commercially 
available  Si-APD;  b)  Response  of  SOS-photoconductive  detector;  c)  Response  of  GaAsrCr 
photoconductive  detector . 


As  can  be  seen  from  table  2  the  advantage  of  the  new  photoconductive  detectors  over  con¬ 
ventional  junction  type  photodetectors  is  their  high  speed  performance. 

Figure  3a)  shows  the  photoresponse  of  a  photoconductive  SOS  detector  (left  signal)  as 
compared  to  that  of  a  commercially  available  "fast”  Si-avalanche-photodiode  when  a  pico¬ 
second  pulse  train  of  a  synchronously  pumped  mode-locked  dye  laser  (individual  pulse  width 
=  4  ps  FWHM)  is  monitored  on  a  fast  sampling  oscilloscope  (Tektronix  7904/7T11).  As  can 
be  seen  from  fig.  3b)  where  the  response  of  the  SOS-photodetector  is  monitored  at  an  ex¬ 
panded  time  scale  (50  ps/div) ,  the  signal  is  limited  by  the  specified  risetime  of  the  fast 
sampling  head  (25  ps) .  The  actual  pulsewidth  of  the  photoconductive  detector  response  has 
been  determined  by  an  optoelectronic  autocorre ’ ation  technique  (see  next  chapter)  to  be 
'15  p  s . 

The  undulations  observed  at  the  trailing  edge  of  the  signal  are  due  to  electrical  reflec¬ 
tions  from  the  microstrip-to-coax  connections. 

Figure  3c)  shows  for  comparison  the  temporal  response  of  a  GaAs-Cr  photodetector.  Again 
the  observed  risetime  is  limited  by  the  speed  of  the  sampling  head  and  the  cable  connec¬ 
ting  network.  The  pulsewidth  is  determined  to  be  about  60  ps  (FWHM).  The  trailing  edge  of 
the  electrical  pulse  shows  an  undesired  tail  which  can  be  attributed  to  multiple  trapping 
of  the  photocreated  carriers. 


I.V4 


; 
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Photoconducting  materials  and  their  applications  for  picosecond  optoelectronic  switching 
Table  1 


fteterial  Technology 

Switching 

Switching 

/plications 

References 

Speed* 

Anplitude* 

[V] 

Si  (intrinsic) 

Rr<io 

10"  (s) 

High  voltage  switching 

1,  37 

Si;Au 

Kr<40 

lO"  (s) 

Microwave  gei^raticn 

2,  32 

Synchronisation  of  streak  camera 

29,  38 

Jitter-*free  driving  of  Pockels  cell 

30,  42 

a-Si  EBE 

<10 

lo'^  (cw) 

Material  characterization 

1  -  6 

CVD 

20 

5 

GD 

200 

n 

Si(SOS)  RD(0*,D*,p* 

)  <20 

5x10  ^  (cw) 

Picceecond  phobDdetection 

17,11,45 

Picosecond  UV-x-ray  photodetection 

39,40 

Plcoseccfxi  sanpling 

17,28 

Hi^  speed  device  characterization 

27,28 

High- bit- rate  electrical  code  generation 

41 

GaAs:Cr 

RT<40 

8x10'  (s) 

Hi^  voltage  switching 

10 

Microwave  generation 

31 

10'  (cw) 

Active  mode-locking  of  dye  laser 

42 

RT<1 

>0  ^  (cw) 

Subpicosecond  sarrpling 

43 

60 

2  (cw) 

Direct  modulaticn  of  laser  diodes 

12,44 

2  (cw) 

Synchronous  mode- locking  of  laser  diodes 

45 

p~InGaAs 

70 

5x10*^  (cw) 

Material  cliaracterizaticn 

14 

InP:Fe 

70 

5x10'^  (cw) 

13,20 

<100 

10*  (s) 

High  voltage  switching 

15 

InP  RD(P*)^ 

<100 

Infrared  ps-photodetection 

18 

RD(3He  ) 

RT<1 

Picosecond  photodetection 

19 

.'-Ge  LA 

50 

5xto'^  (cw) 

Material  characterization 

7 

CdS 

<200 

5x10‘ 

21 

case 

20 

2xt0'’  (cw) 

Picosecond  photodetecticn 

22 

Abbreviations: 

Technology:  EBE.. 

.electron- 

beam  evaporation 

CVD.  . 

,  chemical- 

vapor  deposition 

GD  .  . 

.glow  discharge 

RD  .  . 

,  radiation 

.  damage  (ion  bombardement) 

LA  .  . 

,  recristallisation  by 

laser  annealing 

Switching  speed:  RT..,rise 

time 

Swi tch ing  ampl i tude ; 

(s) , . . 

single  pulse  operation 

(cw) . . . 

high  repetition  rate  operation 

*  Approximative  values  as  given  in  the  cited  references  or  estimated  values 

if  not  given 

expl ici tely . 

PHOTOCONDUCTORS  FOR  PICOSECOND  PHOTODETECTION 

The  most  direct  application  of  the  high-speed  photoconducting  materials  is  their  use  as  de¬ 
tector  for  picosecond  light  pulses. 

The  detection  of  such  ultrashort  pulses,  however,  is  usually  more  difficult  than  their  ge¬ 
neration.  In  colliding-pulse  mode-locking  ring  dye  lasers  light  pulses  with  60  femtoseconds  r 

duration  (6x10“^^s)  can  be  generated  which  can  be  measured  only  by  nonlinear  optical  auto¬ 
correlation  techniques.  The  fastest  semiconductor  junction  detectors  have  response  times 
which  are  by  three  orders  of  magnitude  higher  than  the  achievable  time  range  of  optical 
pulse  techniques.  Response  times  of  50  ps  (FWHM)  have  been  reported  for  Si-PIN  photodiodes 
and  KX)  ps  (FWHM)  for  GaAs  heterostructure  avalanche  photodiodes.  The  response  times  of 
the  new  type  of  photoconduct ive  detectors  are  by  one  order  of  magnitude  shorter,  as  can  be 
seen  by  the  comparison  of  performance  parameters  listed  in  table  2.  The  spectral  response 
of  the  diiferont  photoconductors  is  ranging  from  X-ray  (ion  bombarded  SOS  films)  /40/  to 
near  infrared  (p-InGaAs  /14/). 
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In  materials  with  a  high  intrinsic  or  externally  induced  density  of  recombination  and 
trapping  centers  the  electron-hole  pairs  which  are  generated  by  optical  band-band  ab¬ 
sorption  can  recombine  or  can  be  trapped  within  some  picoseconds  (=  10”’'2s)  /33,35/. 

This  kind  of  semiconductor  materials  in  general  is  undesired  in  conventional  microelec¬ 
tronics  where  high  purity  materials  are  required.  The  carrier  lifetimes  of  pure  direct 
gap  or  indirect  gap  semiconductors  are  typically  ranging  from  nanoseconds  to  microseconds, 
thr-  carrier  mobilities  can  range  up  to  u  =  1000  -  10000  cm^V*’^s“^  /  36  /. 

Thin  amorphous  semiconductor  films  as  m-Si  generated  by  electron-beam  evaporation  (EBE)  cr 
glow  discharge  (GD)  on  insulating  substrates  generally  have  an  intrinsic  high  density  of 
recombination  centers  (10^^  -  1o''^cm*^)  /6,  6  /  and  exhibit  typical  carrier  lifetimes  in 
the  order  of  1  -  100  ps  /  1-6  /.  Their  carrier  mobility  is  strongly  reduced  to  values 
u  i  1  cm^V^s"^  which  leads  to  a  poor  photoresponse.  Transport  measurements  of  these 
:i-Si  films  indicate  that  the  transient  mobilities  are  due  to  extended-state  conduction 
/  5,6  /. 

Better  results  can  be  obtained  by  radiation  damaging  of  thin  silicon-on-  sapphire  (SOS) 
layers,  which  exhibit  similar  high  speed,  but  mobilities  which  are  by  one  or  two  orders 
higher  than  those  obtained  in  amorphous  films.  By  a  variation  of  the  radiation  damage 
dose  (ion  implantation  or  electron-beam  bombardment)  the  carrier  relaxation  time  can  be 
tuned  externally  in  a  controlled  way,  while  in  amorphous  films  the  transport  properties 
are  intrinsically  given  by  the  production  process  /  5,11/. 

Figure  2  shows  the  variation  of  carrier  lifetime  t (a)  and  carrier  mobility  u(b)  in  sili- 
con-on-sapphire  (SOS)  layers  under  different  doses  of  O'*"-  or  D+-ion  bombardment  /II/. 

By  applying  ion-particle  beam  implantation  with  decreasing  particle  energy  on  the  same 
sample,  the  degree  of  damage  can  be  dispersed  uniformly  throughout  the  entire  film  thick¬ 
ness  (1  urn)  . 
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Figure  2 

Variation  of  carrier  relaxation  tim^  ;  (fig.  2a)  and  caj-rier  mobility  u  (fig.  2b)  versus 
doses  of  ion  bombardment  (150  KeV-0  ions  and  220  KeV-D  ions  respectively) 


Significant  higher  mobilities  are  obtained  in  chromium (Cr) -doped  GaAs  (dopant  concentration 
-  10^^  cm"^)  which  standardly  is  used  as  substrate  material  in  some  microelectronic 
devices.  The  photoexcited  carriers  are  trapped  within  60  -  70  ps  due  to  the  high  Cr-concen- 
tration.  The  GaAs:Cr  photoconductor  can  be  driven  at  high  repetition  rates  with  a  remark¬ 
able  high  dynamical  range.  Under  activation  with  the  continuous  pulse  train  of  a  modelocked 
dye  laser  electrical  pulses  with  a  pulse  width  of  60  ps  (FWHM)  and  a  signal  amplitude  of 
•  2  V  can  be  generated  at  repetition  rates  of  100  MHz  /II, 12/.  GaAs:Cr  photoconducting 
switches  have  widely  been  used  for  high  voltage  appl icat ions :  High  voltage  peaks  up  to 
10  kV  can  be  switched  on  with  picosecond  risetimes  /lO/.  Similar  good  results  have  been 
obtained  with  F’e-doped  or  ion-implanted  Ini  /13-19/. 

Pioneering  work  on  high  speed  photoconduct ive  switching  in  silicon  has  been  published  by 
D.  Auston  and  coworkers  (Bell  Laboratories,  Murray  Hill,  USA)  /1-6/.  Important  contributions 
to  high  voltage  switching  by  photoconduct ive  devices  have  been  given  by  G.  Mourou  and  co¬ 
workers  (University  of  Rochester,  N.Y.,  USA)  /10,26  /.  Further  work  on  picosecond  photocon¬ 
ductivity  and  its  applications  has  been  published  in  a  large  number  of  papers  during  recent 
years . 

Table  1  gives  a  general  overview  on  photoconduct in<|  materials  and  their  applications  as  re¬ 
ported  by  various  groups. 


1 


,  I 


13-2 


2.  PHOTOCONDUCTING  MATERIALS  FOR  P  COSECOND  OPTOELECTRONIC  SWITCHING 

Starting  points  for  the  realisation  of  altrafast  optoelectronic  switches  on  one  hand  have 
L>een  the  availability  of  picosecond  laser  pulses  on  the  other  hand  the  discovery  and  de¬ 
velopment  of  suitable  photoconducting  materials  with  extremely  short  carrier  lifetimes. 
Figure  1  illustrates  schematically  the  configuration  and  principle  of  operation  of  a 
simple  photoconductive  switching  device: 
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Figure  1:  Principle  of  operation  of  high  speed  photoconductive  device; 
A  picosecond  laser  pulse  is  switching  the  photoconductivity  in  the 
microstrip  electrode  gap  which  leads  to  the  generation  of  an  ultra- 
short  electrical  pulse.  The  insert  (right  above)  shows  a  cross  section 
of  the  device  (w.  electrode  width,  h.  .  .substrate  thickness, ...rela¬ 
tive  permittivity)  ^ 


It  consists  of  a  thin  photoconducting  film  on  an  insulating  substrate  which  is  covered 
on  both  sides  by  metallic  electrodes  to  form  a  microstrip  transmission  line  configuration. 
The  top  side  microstrip  electrode  exhibits  a  gap  of  appropriate  dimensions  (depending  from 
..pperatlon  voltage)  which  serves  as  detector  area  for  the  focussed  picosecond  laser  pulses, 
for  low  voltage  operation  typical  gap  widths  are  ranging  from  1-10-50  urn.  The  charac¬ 
teristic  impedance  of  the  microstrip  transmission  line  is  determined  by  the  top  electrode 
width  w,  the  thickness  of  the  substrate  h  and  the  relative  permittivitv  of  the  substrate 
^  (see  insert  of  figure  1)  and  is  matched  to  the  external  50  circuitry.  Both  ends  of 
the  top  electrodes  are  attached  to  standard  microstrip-to  coaxial  connectors  (e.g.  3  mm 
^M)  to  provide  an  optimum  high  frequency  transmission  behaviour.  At  the  input  side  of 
tru»  photoconducting  device  a  bias  voltage  Vg  is  applied.  When  the  active  detector  area 
IS  hit  by  a  picosecond  light  pulse  the  electrical  conductivity  in  the  gap  is  increased  by 
several  orders  of  magnitude  and  at  the  output  side  of  the  device  appears  an  electrical 
pulse  with  an  extremely  short  risetime.  The  peak  amplitude  and  the  temporal  width  are 
determined  by  the  transient  mobility  and  lifetime  of  the  optically  induced  carriers.  The 
impulse  response  of  photoconductors  in  transmission  lines  is  analysed  in  detail  in  ref. 

-  .  'jua 1 i tat ively  an  infinitely  short  optical  excitation  pulse  of  energy  Ep  generates 
No  =  -i  -d-R)  •  [l-exp(-a-d)]  ■  Ep/Ti .  (1) 

1  ee  t  ron-hij  le  pairs,  whereby  is  the  quantum  efficiency  for  free  carrier  production, 
f  (he  optical  reflectivity  of  photoconductor,  m  the  absorption  constant,  fio..  is  the  photon 
energy  and  d  is  the  thickness  of  active  photoconducting  layer. 

The  induced  photocurrent  is  given  by 

Ip(t)  =  2*e'U'nQ-E0-A*exp(-t/i )  (2) 

whereby  '  is  the  carrier  relaxation  time  (lifetime)  and 

e  -  ESU  electron  charge 

u  (ug*ufj)/2  average  carrier  mobility  (indices  e  and  h  designate  electron 

and  hole  respectively) 

Ho -n^,-nu -Nq/ V  carrier  density  (V...  light  absorbing  volume) 

fB  -  Vb/1  electrical  field  strength  on  the  top  electrode  gap  (l...gap 

width,  VB...bias  voltage) 

A  w  •  d  cross  section  of  current  leading  region 

According  to  relation  (2)  from  the  photo-response  of  the  ultrafast  device,  measured  as 
voltage  signal 

U(t)  =  Uq  •  exp(-t/T)  =  Rq.  I  (t)  (3) 

on  the  input  impedance  Ro  =  50  of  a  fast  sampling  oscilloscope,  can  be  deduced  the 
transient  mobility  and  carrier  relaxation  time  of  the  photoconducting  material. 
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Semiconductor  materials  with  a  high  density  of  recombination  and 
trapping  centers  exhibit  extremely  short  carrier  lifetimes  in  the 
order  of  1  -  100  ps  and  have  been  the  base  for  the  development  of 
high  speed  optoelectronic  switches.  These  devices  are  activated 
by  picosecond  laser  pulses  and  can  be  driven  nearly  free  of  jitter 
with  respect  to  the  optical  excitation  pulses.  They  show  some  unique 
properties  as  picosecond  risetimes  and  response  times  and  can  be 
operated  within  a  relatively  high  dynamical  range  (10“^  -  10^  V) . 
This  article  gives  a  review  on  the  wide  field  of  possible  appli¬ 
cations  of  the  ultrafast  photoconductive  switches:  They  can  be 
used  as  photodetectors  for  picosecond  light  pulses  as  well  as 
sampling  gates  for  the  characterization  of  high  speed  electronic 
and  optoelectronic  devices.  In  some  experiments  which  are  dis¬ 
cussed  more  in  detail  the  author  demonstrates  the  capability 
of  this  type  of  photoconductive  switches  for  the  generation  of 
picosecond  infrared  pulse  trains  in  laser  diodes  and  for  the 
generation  of  high-bit-rate  electrical  codes  for  use  in  Gbit/s 
optical  communication  and  sensing  systems,  for  logical  switching 
and  for  testing  purposes  of  high  speed  electronic  instrumentation. 


1 .  INTRODUCTION 

The  electrical  conductance  of  a  semiconductor  material  can  be  increased  by  several  orders 
of  magnitude  if  a  picosecond  light  pulse  is  used  to  generate  an  electron  -hole  plasma  of 
high  density  by  optical  band-band  absorption.  With  modern  mode-locked  picosecond  laser 
systems  single  pulse  powers  in  the  order  of  1  kW  (cw-systems)  to  1  GW  (single  pulse 
systems)  are  available  within  the  whole  optical  and  near  infrared  spectrum  so  that  ex¬ 
tremely  high  plasma  densities  of  10^®  -  10^^  cm^  can  be  achieved.  D.  Auston  /I, 2/ 
was  the  first  to  use  high  power  picosecond  laser  pulses  for  the  switching  of  I'hotocon- 
ductiVLty  in  intrinsic  silicon  (Si)  .  Due  to  the  nanosecond  lifetimes  of  electron-hole 
pairs  in  the  intrinsic  material  the  optically  excited  electrical  pulse  has  been  switched 
off  by  a  second  picosecond  pulse  at  a  longer  wavelength  (\  =  1.06  urn)  which  has  been 
used  to  short-circuit  the  biased  electrodes. 

For  the  realisation  of  a  high  frequency  operating  photoconductive  device  it  is,  however, 
desirable  to  use  a  self  limitating  material,  whereby  the  switching  speed  is  defined  by 
intrinsic  properties  of  the  semiconductor  material  itself.  These  properties  of  short 
carrier  lifetimes  and  automatically  switching  off  were  found  by  different  groups  in 
several  materials  with  a  high  density  of  recombination  and  trapping  centers  for  the  photo- 
excited  carriers;  amorphous  materials  (a-Si,  .-Ge)/1  -  7/,  heavily  doped  materials  (e,g. 
GaAsrCr,  InP;Fe,  Sl:Au)/  8-16/  and  ion  bombarded  materials  (Si-on-sapphire,  InP)  /17-20/. 
The  new  high  speed  materials  in  connection  with  the  availability  of  picosecond-  and  femto¬ 
second-laser  systems  /23,24/  led  during  recent  years  to  a  large  number  of  papers  in  the 
new  field  of  picosecond  optical  electronics  /25,26/.  This  new  technology  uses  the  pico¬ 
second  time  resolution  capability  of  ultrashort  optical  pulses  for  characterizing  ma¬ 
terials  and  devices  which  operate  at  such  high  speed  that  conventional  electronic  in¬ 
strumentation  is  not  capable  to  measure  their  responses  /27,28/.  As  additional  advantage 
the  new  photoconductive  devices  operate  within  a  large  dynamical  range  with  negligible 
jitter  allowing  the  measurement  of  low  level  signals  (10  uV)  as  well  as  of  high  voltage 
peaks  (10  kV)  without  significant  loss  of  speed.  This,  furthermore,  makes  its  use  possible 
for  a  jitter  free  driving  of  electrooptic  modulatois  or  optoelectronic  devices  for  a 
stable  synchronisation  of  instrumentation  in  connection  with  time  resolving  optical 
picosecond  experiments  /26,29/.  High  voltage  optoelectronic  switches  have  also  bct'n  ised 
to  synchronize  Pockels  cells  for  pulse  compression  of  high  power  laser  pulses  in  connec¬ 
tion  with  laser  fusion  experiments  /  30  /or  for  the  generation  of  X-band  microwave 
pulses  /31,32/,  This  article  does  not  deal  with  high  voltage  applications. 

In  the  next  chapter  technology  and  operation  of  picosecond  optoelectronic  switches  will 
be  described. 

The  following  chapters  give  an  overview  on  some  interesting  low  voltage  level  applications 
with  special  regard  to  experiments  performed  by  the  author  and  his  coworkers  concerning 
the  direct  modulation  of  laser  diodes  and  the  generation  of  high -bi t - rate  electrical  codes 
by  picosecond  optoelectronic  switches. 
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schaft  (MPG)  and  the  Deutsche  Forschungsgemelnschaf t  (DFG)  and  in  part  at  the  Tech- 
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"Fonds  zur  Fbrderung  der  wissenschaftlichen  Forschung  (FWF)"  under  project  no.  S22/10. 

*  Paper  presented  at  the  AGARD-AVP  specialists'  meeting  on  "DIGITAL  OPTICAL  CIRCUIT 
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DISCl'SSION 


R.MacPherson,  C'a 

On  your  mcasurcmenl  diagram  of  the  I  Oil  photons  per  point  and  the  seseral  thousand  points  there  seems  to  be  some 
sort  of  three -fold  symmetry  in  that  pattern.  Is  there  any  signifieance  in  that'.’ 

Author's  Reply 

I  have  noticed  the  three  fold  symmetry  and  haven't  had  lime  to  work  out  why  that  exists  yet  —  the  results  are  very 
recent.  The  honest  answer  is,  1  don't  know.  It  could  at  the  moment  be  system  imperfections  because  we  are  by  no  means 
anywhere  near  the  quantum  limit  there.  I  suspect  that's  the  answer,  but  I  don't  know  I'm  not  ignoring  it  —  I  just  don't 
know  the  answer. 


J.W.Haus,  US 

Do  you  expect  to  be  able  to  measure  squeezed  stales  with  this  apparatus,  and  how  much  is  the  squeezed  signal  then 
degraded  by  the  apparatus  itself'.’  Can  you  measure  minimum  uncertainty  stales .’ 

Author's  Reply 

Certainly  this  sort  of  measurement  scheme  would  be  very  sensitive  towards  squeezed  states.  We  can  imagine  the  noise 
distribution  in  an  x-y  measurement  would  become  asymmetrical  and  that  would  come  up  very  clearly  as  a  sort  of  non¬ 
zero  correlation  in  x  and  y  measurements.  So  the  answer  is  yes,  it  would  be  sensitive  to  that  sort  of  measurement.  As  far 
as  degraded  is  concerned,  theoretically  it's  only  degraded  according  to  the  quantum  limit  on  determining  what 
measurement  you  want  to  make  on  it;  so  in  some  scn.se  no.  but  then  practically  it  can  be  more  difficult. 


J.W.Haus,  US 

Well  suppose  you  have  a  squeezing  factor  of  two  in  one  direction  as  compared  to  the  other.  Would  your  apparatus  be 
able  to  pick  it  up'.’ 

Author's  Reply 

Theoretically  it  could  pick  it  up  —  because  if  you  remember  those  diagrams  where  I  just  had  a  fixed  phase  and  had  a 
spread  of  points  on  the  phase  and  amplitude  diagram,  rhal  would  come  up  as  an  ellipse. 


J.W.Haus.  US 

Was  that  spread,  though,  consistent  with  minimum  uncertainty  of  the  slate'.’ 

Author's  Reply 

The  spread  you  saw  there  was  a  long  way  from  the  quantum  limit.  The  noise  performance  of  the  experiment  still  needs 
to  go  a  long  way  yet  before  we  measure  quantum  noise  itself.  That's  just  to  show  our  interest. 
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Conclusions 


We  have  shown  how  microwave  multiport  techniques  may  be  extended  to  optical  frequen¬ 
cies  to  realise  potentially  useful  measurements/  and  are  currently  buiiling  a  homo¬ 
dyne  experiment  which  demonstrates  these  principles.  The  system  has  not  yet  been 
calibrated  so  figures  on  its  noise  performance  are  not  available^  however,  we  would 
like  to  obtain  good  enough  performance  to  allow  the  measurement  of  quantum  noise. 

A  quantum  mechanical  approach  to  optical  multxports  has  been  outlined,  and  some  of 
the  implications  of  this  touched  upon.  In  particular,  we  presented  the  quantum 
operator  corresponding  to  the  measurement  made  by  a  symmetric  four  power  detection 
scheme  aimed  at  determining  the  complex  amplitude  of  a  signal.  This  multiport  meas¬ 
ures  the  'probability  operator  measure*  characterised  by  a  resolution  of  the  identity 
into  coherent  states  (equation  18).  The  importance  of  the  quantum  theory  is  that  the 
noise  statistics  are  determined  by  the  quantum  state  of  the  weak  signal  field  rather 
than  the  local  oscillator  shot  noise  and  these  could,  therefore,  be  far  from  Gaussian 
or  Poisson  in  the  most  general  case.  This  could  have  important  consequences  on  sys¬ 
tem  performance  if  Shapiro  or  states  with  sub-Poissonian  photon  statistics,  became 
available  for  use  in  real  systems. 

The  performance  of  our  multiport  equivalent  quantum  operator  in  measuring  the  phase 
of  a  coherent  state  signal  falls  short  of  the  quantum  optimum  since  the  multiport 
inherently  measures  both  amplitude  and  phase  whose  quantum  operators  do  not  commute. 
This  raises  the  question  as  to  how  the  optimum  phase  measurement  may  be  made,  and 
suggests  that  a  general  analysis  of  optical  multiports  with  one  photon,  two  photon, 
and  higher  order  detectors  would  be  worthwhile. 
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Figure  6.  Comparison  of  multiport  phase  measurement  with  the  quantum 
optimum.  The  probability  density  of  measuring  the  correct  phase  Is 
plotted  as  a  function  of  the  signal  energy  In  photons  (a  coherent  state 
signal  Is  assumed).  The  multiport  performance  falls  short  of  the  quan^ 
turn  optimum  becuase  It  makes  a  simultaneous  measurement  of  non  commuting 
phase  and  amplitude  operators. 
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probability  operator  measure 
resolution  of  the  Identity 


(28) 


(29) 


and  |n  is  a  number  state  with  n  photons.  We  call  \^)  the  phase  states.  The  proba¬ 
bility  density  for  phase  measurement  is  then 

pcob(0)  =  (30) 

Putting  s  real,  writing  the  coherent  state  (s)  as  a  superposition  of  number  states 
and  usinj  the  orthogonality  property  of  these  gives 

2 

exp(-|r|^)  (31) 

This  IS  also  plotted  in  figure  6. 
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The  performance  ot  our  multiport  in  measuring  the  phase 
compared  to  that  of  the  quantum  optimum  estimator.  The 
for  optimum  phase  estimation  is  characterised  by  the 
I6;pp.  243-248,22,23] 

'  \i6)(0\, 
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Where 
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M)  =  ^exp(jn0)  |n) 


n=0 


The  multiport  phase  measurement  performance  falls  short  of  the  quantum  optimum,  how¬ 
ever,  no  scheme  has  yet  been  suggested  for  realising  quantum  optimum  phase  measure¬ 
ments.  The  basic  reason  for  the  sub-optimum  performance  is  that  a  multiport 
inherently  gives  both  amplitude  and  phase  information  about  the  signal,  but  the  quan¬ 
tum  phase  and  amplitude  operators  do  not  commute  (24].  By  measuring  both  variables 
simultaneously  one  introduces  excess  noise  in  each  measurement.  In  order  to  realise 
tne  optimum  phase  measurement  it  is  necessary  to  use  the  full  quantum  theory  of  the 
field,  rather  than  the  semiclassical  shot  noise  detection  model,  in  order  to  exploit 
the  properties  of  the  extra  dimensionality  thereby  introduced,  There  is  more 
interesting  work  to  be  done  on  this  problem. 
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ks  the  quantum  efticiency  of  the  detectors  reduces  so  the  quantum  statistics  of  the 
signal  state  become  masked  in  Gaussian  noise,  and  the  signal  state  can  not  be  <iis- 
tinguished  trom  a  conercnt  state.  This  turns  out  to  be  true  tor  all  multiport  meas¬ 
urements.  We  continue  to  consider  tlie  ideal  case  with  k  =  1. 


It  can  be  shown  that  if  the  signal  is  in  a  coherent  state  or  a  random  superposition 
of  coherent  states,  then  the  noise  behaviour  is  exactly  the  same  as  that  predicted  by 
the  semic lass ica 1  Poisson  process  model.  However  there  exist  states  of  the  quantised 
field  which  have  no  classical  analog  114,15,16}  and  in  this  case  the  semiclassica I 
detection  model  no  longer  gives  tlie  correct  noise  statistics.  There  lias  been  a  lot 
of  literature  published  recently  on  possible  schemes  for  generating  non-classical 
states,  although  only  two  experimental  sightings  have  been  made  so  far  117,18,1^1  . 
The  attraction  of  non-classical  states  is  the  possibility  of  noise  reduction.  Por 
example  the  two  photon  coherent  states  discussed  by  Yuen  [20l  and  Shapiro  (21,13, llj 
have  reduced  uncertainty  in  an  *in  phase*  measurement  at  the  expense  of  increased 
uncertainty  in  tne  'quadrature*  component.  There  is  also  interest  in  states  which 
iidve  sub-Poisson  pnoton  counting  statistics  (with  variance  Less  than  the  mean)  and 
hence  reduced  noise  in  a  direct  detection  application. 

The  fully  quantised  model  of  muitiports  is  not  only  essential  for  correctly  describ¬ 
ing  the  detection  statistics  of  non-classical  quantum  states,  but  also  provides  a 
more  attractive  representation  of  the  nomodyne  measurements  than  the  soin ic lass ica 1 
model . 


Phase  Measurements 

We  are  particularly  interested  in  phase  measurements  using  optical  multiports  and 
ttieir  possible  application  to  optical  communication  systems.  In  a  two  level  phase 
shift  keying  system  a  decision  has  to  be  made  only  between  two  alternatives;  com¬ 
plete  knowledge  of  the  phase  of  the  signal  is  not  necessary  provided  the  local  oscil¬ 
lator  phase  IS  locked  to  tho  signal  zero  phase.  tn  uhis  case  a  single  beamsplitter 
will  form  a  suitable  mixer  for  the  signal  and  local  oscillator.  However,  if  the 
actual  value  of  phase  has  to  be  estimated  (in  an  analogue  sense)  then  at  least  three 
power  measurements  are  required.  The  detection  scheme  we  have  outlined  hero  uses 
four  measurements.  To  evaluate  the  performance  of  tho  multiport  in  laeasuring  phase 
we  can  choose  any  ol  the  criterion  of  maximum  likelihood,  minimum  variance,  or  any 
other  Uaye's  cost  function.  We  consider  the  likelihood  ->i  *',easuririg  the  correct 
phase  value,  or  in  other  words,  tho  value  of  the  signal  pnasc  mvusureinent  probability 
density  function  at  the  value  of  phase  originally  sent  by  the  transmitter. 


Our  multiport  measures  the  probability  operator  measure  characterised  by  the  resolu¬ 
tion  of  the  identity 

=  1  (22) 

ao  that  If  the  signal  fi<-l<)  is  in  state  | s)  then  the  probability  density  function  of 
laeasuring  tne  in  phase  and  quadrature  components  to  bo  and  respectively  is 


Prob(rj,r2)  =  _ 

(23) 

wnere  ^  1 

|s^  IS  a  coherent  state  then  this  becomes 

Prob(rj,r^)  =  ^  exp(-|r-sp) 

(24) 

.Since  we  aie 
we  trails torin 

interested  in  neasuring  the  phase  ol  the  signal,  but  not 
to  pijLar  C‘iord  i  na  tes  . 

Its  ainplitudu 

t  =  |cl  exp(30)  and  s  -  |s}  0x9(3^)  (25) 

y  IS  tho  phase  of  tn*’  signal  ani.i  id  is  >ur  multiport  estimate  ot  The  probability 

distribution  tor  jd  anvi  jrj  is 

Prub(|r|,«()  =  ^  |r|  <-*xp|^- (  |  r )  +  |  s  |  -  2|rl|s]  cos(0-W)  )  j  (26) 

To  obtain  ttio  pr  jtjab  i  I  1 1  y  <J  i  s  t  r  1  r»u  1 1 ‘>n  t<>r  a  measurement  ol  0  alone  this  is 
integrated  ov«?r  lr|.  The  p'r  joaio  1 1 1  y  Jerisity  is  greatest  wlion  0  =  H  and  the  estimate 
is  unbiasf'd.  Putting  0  =  H  and  lo  i  ng  the-  i  rit‘-grat  ion  gives 


Prot)(0  =  =  1 

1 1  /  -i 

.  *  .'1:1  (  ls|  )1  ♦  .1---  exp(-lsp) 

^  L 

(27) 


The  value  ot  this  naximum  likelihoo<i  estim.itf  is  plotteil  as  a  function  of  |s|  in 
figure  h.  1  s  ( '^  is  rfie  average  nurntjor  ■)t  photans  in  a  cotierent  s^ate  [  , 
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The  statistics  o£  the  photoemissions  from  ail  j:he  detectors  are  then  identical  to 
those  of  a  simultaneous  measurement  of  all  the  A  complete  analysis  must  include 

the  simultaneous  measurements  to  allow  for  the  possibility  of  correlation  between 
different  ports-  The  state  of  the  input  fields  is  described  by  their  density  opera¬ 
tor,  which  is  assumed  to  be  the  tensor  product  of  all  the  separate  density  operators 
for  each  input  port  field. 


We  will  not  yive  a  detailed  derivation  of  the  multiport  photoelectron  counting 
statistics,  but  will  present  the  results  of  one  example  using  the  four  power  measure¬ 
ment  multiport.  We  investigate  homodyne  detection  with  a  strong  local  oscillator, 
entering  port  a,  so  that  this  dominates  over  any  of  the  other  signals  into  the  mul¬ 
tiport.  We  have  one  input  into  port  b  which  is  our  unknown  signal.  The  signal  field 
may  be  in  any  quantum  state  and  we  wish  to  estimate  its  complex  amplitude.  All  other 
inputs  to  the  multiport  are  assumed  to  be  in  the  coherent  ground  state  or, 
equivalently,  the  zero  number  state. 

As  before  the  scattering  matrix  can  be  split  into  a  forward  half  and  reverse  half, 
t-'urthermore  we  adopt  similar  processing  to  equations  10  and  11  and  take  the  differ¬ 
ences  in  the  outputs 


The  algebra  in  deriving  the  measurement  statistics  for  r^  and  r^  is  rather  long,  but 

follows  a  similar  line  to  the  analysis  of  homodyning  using  a  single  beamsplitter  but 
with  multimode  fields  given  by  Yuen  and  Shapiro  [11]  .  It  will  not  be  repeated  here. 


The  result  is  that  the  multiport  measures  the  probability  operator  measure  character¬ 
ised  by  the  resolution  of  the  identity  into  coherent  states  (for  further  explanation 
of  this  see  for  example  (6]  pp.  53-55  and  pp.  128-133)  In  other  words  if  the  signal 
field  IS  in  state  |s)  then  the  probability  of  measuring  the  complex  amplitude  to  be 
IS 


ProbCr^.r^)  =  i  (  s  1  r  jc^)  jr^  |  s) 

•  V  |<r^*jr2|s)|2 

where  jr^+jr^)  is  a  coherent  state  with 

a  (tj^+jr^)  =  (r^+jr^)  Ir^+jr^) 

The  coherent  state  resolution  of  the  identity  is 


(16) 

(17) 


J  l£KEi  =  1 

where  the  r  integration  is  over  the  entire  plane 
Using  this  we  have  immediately 


Prob(rj^,r2)  dr^  dr^  =  1  (19) 

as  must  be  the  case  for  a  probability  distribution.  We  see  that,  for  our  multiport, 
the  projection  of  the  system  state  onto  the  coherent  state  of  given  complex  amplitude 
gives  the  probability  of  measuring  the  signal  to  have  that  complex  amplitude. 

Thus  the  statistical  nature  of  measurements  made  by  our  symmetric  four  power  measure¬ 
ment  multiport  have  been  described  in  purely  abstract  quantum  terms,  and  this  charac¬ 
terisation  holds  regardless  of  the  state  of  the  quantum  signal  entering  the  measure¬ 
ment  port  b.  In  fact  our  multiport  homodyning  measures  the  same  operator  as  a  con¬ 
ventional  heterodyne  receiver  |11J.  It  is  interesting  to  note  that  in  this  model  the 
noise  is  due  to  a  quantum  measurement  of  the  signal  field  rather  than  the  local 
oscillator  shot  noise.  We  thus  have  to  consider  rather  carefully  the  signal  state 
when  evaluating  the  performance  of  a  detection  system  as  the  noise  in  the  detectors 
13  not  in  general  uncorrelated  or  Gaussian. 


If  the  detectors  have  sub-unity  quantum  efficiency  then  we 
account  in  the  estimate  of  the  incident  signal  amplitude, 
complex  amplitude  is  r^+jr^  and  the  quantum  efficiency  is  k 

processing 


have  to  take  this  into 
If  the  estimate  of  the 
then  we  must  adopt  the 
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and 


(20) 


The  noise  statistics  of  this  multiport  measurement  are  exactly  the  same  as  with  the 
unit  quantum  efficiency  case  except  with  superposed  classical  Gaussian  additive  noise 
of  variance 
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An  integration  of  both  devices  -  the  GaAs:Cr  optoelectronic  switch  and  GaAs/GaAlAs 
heterostructure  laser  -  should  be  possible  on  a  common  (GaAs-)  substrate.  A  fast  electri¬ 
cal  modulator  wich  can  be  driven  externally  without  requiring  high-speed  cable  connections 
and  a  fast  light  emitting  device  thus  could  be  integrated  monolithically .  This  combination 
could  be  realized  also  using  other  semiconductor  materials  (e.g.  InP:Fe  switch  and 
InGaAsP/InP  laser  diodes)  and  may  be  of  interest  for  high  speed  integrated  optical  circuit 
technology . 

If  the  ultrafast  driven  laser  diode  of  figure  7  is  located  within  an  external  cavity, 
matched  in  length  to  the  pump  pulse  sequence#  a  synchronous  mode-locked  operation  of  the 
semiconductor  laser  can  be  achieved  (  figure  9)  /45/. 


Figure  9 

Synchronous  mode-locking  of  a  semiconductor  laser  by  a  picosecond  optoelectronic  switch 


As  pump  laser  for  the  optoelectronic  switch  can  be  used  an  actively  mode-locked  Ar  ion 
laser  with  a  typical  repetition  rate  of  80  MHz  and  single  pulse  widths  of  =  100  ps .  With 
a  commercially  available  GaAs/GaAlAs  buried  heterostructurelaser  diode  which  was  anti¬ 
reflection  coated  on  one  laser  facet  output  pulses  of  30  ps  duration  (FWHM)  have  been 
obtained  strongly  nchronized  to  the  pulse  train  of  the  Ar*  Ion  laser  pump.  The  laser 
emission  spectrum  tained  during  this  short  pulse  regime,  however,  has  been  multimode 
and  only  by  inserting  a  80  urn  thick  Fabry-Perot  etalon  <R=30  %)  into  the  laser  cavity 
single-mode  operation  can  be  achieved.  Under  these  conditions  the  pulse  width  of  the 
mode-locked  pulse  has  been  45  ps;  the  spectral  width  of  one  longitudinal  mode  has  been 
measured  to  be  25  GHz  which  results  in  a  time  bandwidth  product  of  1.1  (figure  10). 


Figure  10  ;  Streak  camera  trace  (10a)  and  spectrum  (10b)  of  a  GaAs/GaAlAs  BH-laser 
synchronously  pumped  by  a  GaAs:Cr  optoelectronic  switch  /45/. 

Since  the  mode-locked  pump  laser  could  simultanuously  also  be  used  to  synchronously  mode- 
locking  of  dye-lasers  the  spectrals  range  accessible  to  "probe  and  exite"  picosecond  ex¬ 
periments  could  be  extended  to  the  infrared  region  wherever  semiconductor  lasers  are 

.1  Vd  J  1  .Uj  1  (■  . 

By  the  use  of  optical  delay  lines  the  pump  pulse  sequences  can  bo  increased  to  tlie  GHi' 
range,  whereby  the  external  cavity  length  of  the  laser  diode  has  to  be  in  the  order  of 
several  centimeters,  which  again  could  be  realized  on  integrated  optical  chips.  The  out¬ 
put  pulse  train  of  the  mode-locked  external  cavity  laser  has  an  extremely  good  temporal 
stability  and  can  e.g.  be  used  as  internal  clock  sequence  for  Gbit/s  optical  computation 
s  y  s  t  c;  m :  . 
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7.  HIGH-BIT'RATE  ELECTRICAL  CODE  GENERATION 

Gbit/s  code  generators  are  of  great  interest  for  high-bit-rate  communication  and  sensing 
systems  and  for  testing  of  GHz  electronic  instrumentation  /51/.  Different  approaches  for 
the  electrical  bit-pattern  generation  in  the  Gbit/s  range  have  been  reported;  digital 
electronic  techniques  /52/,  optical  fiber  tapped  delay  line  techniques  /53/,  and  surface 
acoustic  wave  tapped  delay  line  techniques  /54/.  We  have  used  an  optoelectronic  technique 
for  electrical  pulse  code  generation  at  a  bandwidth  *  10  GHz,  Our  technique  is  based  on 
the  optoelectronic  transformation  of  a  high-bit-rate  optical  to  a  corresponding  electrical 
pulse  code  by  means  of  a  picosecond  photoconductive  detector.  The  high-bit-rate  optical 
code  is  obtained  by  sending  a  picosecond  pulse  through  a  multiple  beam  path  optical  delay 
line  (MOD)  (see  Fig.  11).  The  different  beams,  after  having  suffered  different  delays, 
are  recombined  by  a  singly  focusing  lens  (f=30  mm)  onto  the  30  Mm  microstrip-gap  of  a 
picosecond  optoelectronic  switch.  The  photoactive  material  of  the  detector  is  a  1  urn  thick 
s jlicon-on-sapphire  layer  which  has  been  irradiated  by  an  appropriate  dose  of  50-200  keV 
0  ions  to  obtain  a  high  density  of  trapping  defects  for  the  optically  generated  carriers 
/17/. 

Multiple 
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Optical  Spatial 

Delay  Line  Fitter 
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Figure  11  •  Principle  diagram  for  the  optoelectronic  high-bit-rate  code  generation  using 
a  picosecond  photoconductive  switch. 

The  response  time  of  the  SOS  photoconductive  device  has  been  determined  by  an  optoelec¬ 
tronic  autocorrelation  measurement ( see  chapter  4)  to  be  18  ps  (FWHM) . 

Figure  12  a  shows  the  response  of  the  SOS-photoconducting  switch  if  activated  by  a  pair 
of  optical  picosecond  pulses  (pulse  with  5  ps  FWHM,  wavelength  720  mm)  which  are  separated 
by  a  time  interval  of  70  ps.  The  two  pulses  are  clearly  resolved  by  the  sampling  head  unit. 
The  pulse  sequence  corresponds  to  a  bandwidth  of  14.3  GHz,  The  delay  between  the  two 
pulses  has  been  obtained  after  the  passing  of  the  picosecond  laser  beam  through  a  delay 
line  scheme  standardly  used  for  nonlinear  optical  autocorrelation  measurements.  If  each 
of  the  two  parallel  beams  is  split  again  in  two  parts,  four  identical  parallel  beams  can 
be  obtained  which  can  be  delayed  deliberately  with  repect  to  each  other.  If  more  (n)  beams 
are  needed  (for  the  formation  of  a  n-bit  word)  the  arrangement  can  be  extended  to  a 
multiple  (n)  beam  path  optical  delay  line  (MOD).  The  MOD  can  deliver  any  n-bit  optical 
code  at  bit  rates  up  to  100  GHz  if  each  single  beam  path  can  be  blocked  separately 
by  a  spatial  filter.  The  MOD  which  in  our  case  consisted  of  conventional  macroscopic 
optical  components  can  be  replaced  by  an  array  of  fiber  optic  delay  lines. 


Figure  12 

Sampling  oscilloscope  traces  of  high-bit-rate  electrical  pulses  generated  by  a  SOS  pico¬ 
second  photoconductive  switch: 

a)  Response  of  SOS  device,  activated  by  a  pair  of  picosecond  optical  pulses  with  a  time 
delay  of  70  ps  oorre^xyxiing  to  a  bandwidth  of  14  GHz. 

b)  Response  of  SOS  device  activated  by  four  optical  picosecond  pulses  with  a  time  delay 
of  100  ps  (bandwidth  10  GHz) 

c)  Electrical  4-bit  code  generation  at  10  Gbit/s  (code  words:  1111,  1101,  1011) 


IM  I 


In  Figure  12  b,c  different  4-bit  electrical  code  words  (Fig. 12b:  1111;  Fig. 12c:  1111/1010, 

0 1 0 U corresponding  to  transmission  rates  of  10  Gbit/s  are  shown.  The  optical  code  pulse 
trains  have  been  generated  by  introducing  a  spatial  filter  into  the  4-beam-MOD. 

The  ultimate  transmission  rate  of  the  system  is  limited  by  the  speed  by  which  the  spatial 
filtering  of  the  multiple  beam  array  can  be  actively  manipulated.  An  integrated  optical 
system  containing  planar  electrooptic  or  acoustooptic  Bragg  deflectors  could  be  able  to 
control  the  spatial  filtering  at  rates  up  to  "  1  GH?  /55/.  This  should  lead  to  an  optical 
communication  system  which  transmits  n-bit  code  words  (bandwidth  10  GHz)  at  a  duty  cycle 
of  1  GHz  ,  The  high-bit-rate  electrical  pulse  train  could  be  used  to  directly  modulate  a 
semiconductor  laser  712,44/  as  a  source  of  a  Gbit/s  optical  communication  system. 

Different  schemes  could  be  employed  for  matched  filtering  and  decoding  of  the  high-bit-rate 
optical  or  electrical  pulse  sequence  (see  figure  13).  Optical  matched  filtering  can  be 
obtained  when  the  high-bit-rate  optical  pulse  train  is  inserted  inversely  into  the  MOD 
753/  (figure  13a).  Electrical  matched  filtering  of  the  Gbit/s  electrical  pulse  code  could 
be  done  by  feeding  it  into  a  n-path  electrical  microstrip  delay  line  circuit  (figure  13b). 
Decoding  of  the  high-bit-rate  electrical  code  could  be  performed  optoelectronically  if 
a  second  ultrafast  photoconductive  detector  activated  by  an  appropriate  optical  pulse 
sequence  is  used  as  a  sampling  gate  756/  (figure  13c) 


OAC 


MED 


PC 


OPC 


OPC  (Reference  code) 


a) 


b) 


c) 


Optical  matched  filtering  by 
inverse  MOD. 


Decoding  of  hlgh-bit-rate 
optical  codes  OPC  by  elec¬ 
trical  mached  filtering  in  a 
multiple  path  electrical  micro¬ 
strip  delay  line  (MED) 


Decoding  of  high-bit-rate 
electrical  codes  (EPC)  by 
high-speed  optoelectronic 
sampling  with  an  optical  ref¬ 
erence  code  source, 
for  matched  filtering  and  decoding  of  single  high-bit-rate  optical  (OPC) 


Figure  1 3 
Possible  schemes 

or  electrical  (EPC)  pulse  codes. 

(Abbreviations:  MOD. , .multipie-beam-path  optical  delay  line;  MED. . .multiple-path  electrical 
microstrip  delay  line;  HSOC. . .high-speed  optical  circuit;  MSEC . . . h igh-soeed  electrical 
circuit  ;  OAC. , .optical  autocorrelation;  . .electrical  autocorrelation;  PC...  picosecond  photocon¬ 
ductive  device) . 


8.  CONCLUSION 

Picosecond  optical  electronics  which  introduces  the  high-speed  capability  of  picosecond 
laser  technology  to  microelectronic  instrumentation  has  become  during  recent  years  one  of 
the  most  important  areas  of  application  for  ultrashort  laser  pulses  /57/.  The  author  of 
this  contribution  by  far  could  not  mention  all  publications  and  recent  developments  on  this 
rapidly  expanding  field.  For  example,  of  considerable  technical  importance,  which  could 
not  be  treated  in  detail,  is  the  high  voltage  switching  capability  of  picosecond  photo- 
conductors  which  has  been  used,  e.g.  to  drive  Poc)^els  cells  for  prepulse  suppression  in 
laser  fusion  experiments  730/  or  to  trigger  jitter-free  a  streak  camera  for  time  resolved 
picosecond  spectroscopy  729/  or  for  the  generation  of  high  power  microwave  pulses  Ml , 32/ . 
For  a  review  on  this  topic  the  reader  is  referred  to  7267. 

The  particular  examples  discussed  in  this  article  are  chosen  to  give  a  basic  review  on 
high  speed  photoconductive  switching  by  picosecond  laser  pulses  to  illustj-ate  some  of  the 
low  voltage  level  applications  of  picosecond  photoconductors  for  Gbit/s  optical  circuit 
technology.  The  new  type  photoconductive  switches  can  be  used  as  high  speed  photode¬ 
tectors  as  well  as  ultrafast  switches  and  sampling  gates  for  the  characterisation  of  high 
speed  optoelectronic  materials  and  devices.  Furthermore  they  can  be  considered  as  sources 
for  ultrashort  electrical  pulses  and  high-bit-rate  electrical  codes  , which  is  of  special 
importance  for  the  development  of  high-speed  optical  communication  and  optical  computing 
systems.  Some  fundamental  experiments  concerning  this  topic  have  been  performed  by  the 
author  and  his  coworkers  and  are  discussed  more  in  detail  in  this  article.  The  possi¬ 
bility  of  a  mcjnol  itiucal  integration  of  picosecond  photoconductors  and  laser  diodes  on  high 
speed  semiconductor  microcirciiits  should  be  emphasized.  The  ultimate  speed  limits  of 
picosecond  optical  electronics  have  not  been  reached  up  to  now  and  with  a  further  opti¬ 
mization  of  materials  and  high  frequency  circuit  design  the  achievement  of  the  sub¬ 
picosecond  range  seems  to  be  realistic.  The  direct  transformation  of  extremely  high- 
bit-rate  optical  pulse  trains  to  corresponding  electrical  pulse  sequences  by  moans  of 
picosecond  optoelectronic  switching  opens  the  way  to  multi-gigabit-pcr-second  optical 
communication  and  optical  computing  systems  which  presents  a  challenge  for  the  optical 
circuit  technology  of  the  next  future. 
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S.Ritchic,  UK 

One  aspect  ot  using  these  photoconduelors  as  picosecond  detectors  that  isn't  discussed  very  often  is  their  noise,  hhis,  of 
course,  could  be  quite  important  if  thev  are  going  to  be  used  in  high-sensitivity  receivers  at  the  end  of  a  fibre  link.  It 
seems  to  me  that  there  are  one  or  two  quite  serious  problems  here  in  that  the  devices  tend  to  be  very  small,  which  means 
that  the  dark  curretits  could  be  quite  high.  I'here  are  often  great  difficulties  in  making  contacts  to  the  damaged  material 
w  hich  could  give  rise  to  a  lot  of  shot  noise,  as  well  as  the  Johnson  noise  you  get  by  the  inherently  resistive  property  of 
the  material.  Have  you  got  any  comments  on  that'.’ 

Author's  Reply 

I  agree  w  ith  you  that  it  is  a  problem  to  have  a  high  sensitivity  with  these  devices;  for  this  reason  I  only  presented  the 
sw  itching  capability  of  this  device.  High  speed  is  the  advantage  of  this  device  and  not  sensitiv  ity.  But  in  principle,  if  you 
have  a  good  dimensioning  of  the  device,  it  could  be  increased  because  you  could  use  gate  width  in  the  order  of  some 
micrometres  and  by  focussing  very  tight.  So  you  could  obtain  responsivities  w  htch  are  maybe  in  the  order  of  sensitivity 
of  PIN  photodiodes,  yes I  agree  with  you  that  there  is  a  problem  with  this,  but  we  did  not  investigate  the  noise 
properties  of  these  devices  because  we  are  working  with  high  optical  power  densities  and  not  with  optical 
communication  sy  stems  up  till  now  .  The  noise  properties  of  these  high-resistivity  semiconductor  materials  have  not 
been  studied  in  detail.  1  low  ever,  one  would  c.xpect  that  the  dark  current  is  higher  and  the  quantum  efficiency  lower  (due 
to  surface  recombination  processes)  than  in  PIN  photodiodes.  The  advantage  of  these  photoconductor  materials  is  their 
high  speed:  by  a  careful  control  of  the  electronic  transport  properties  (e.g.  by  radiation  damage  dose)  one  could  keep 
the  important  parameters,  such  as  lifetime  and  mobility  of  the  carriers,  within  a  regime  of  operation  (speed, 
rcsjronsivity)  appropriate  for  its  use  in  a  high-speed  optical  communication  system. 


A.Millcr.  I  K 

I  wonder  what  the  typtcai  length  of  your  strip  line  is  and  if  you've  made  any  measurements  of  the  pulse  broadening  due 
to  dispersion  in  the  strip  lines'.’ 

Author's  Reply 

The  dimensioning  which  we  used  was  in  the  order  of  10  millimetres  of  the  transmission  line,  but  maybe  .‘I  mm  of 
transmission  up  to  the  connection  of  the  microsirip  to  co-ax.  At  this  length  we  did  not  observe  pulse  broadening  effects 
due  to  dispersion  ot  the  transmission.  But  you  have  to  lake  into  account  that  there  can  he  dispersion  by  travelling  of  a 
short  electrical  pulse  on  the  transmission  line,  yes'.’  This  is  true.  However,  dispersion  ol  ultrashort  electrical  pulses 
propagating  along  microstrip  transmission  lines  have  been  predicted  theoretically  (l.i,  Arjavalingam.  Dienes.  Whinnery, 
If  .tT;  MT,  .10,  I  dSI,  pp.  1270—  1 27,J)  and  in  the  meantime,  also  investigated  experimentally.  (See  Proc.  SPIEH 
Meeting  on  "Picosecond  Optoelectronics,'' San  Diego,  IdS.f). 
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Abstract : 

Electrons  are  well  suited  for  switching  operations  as  they  occur  in  a  logic  processor. 

But  electrons  are  not  so  easy  to  guide  from  one  point  to  another  point.  On  that  score, 
photons  are  more  suitable.  Recently,  photons  became  amenable  also  for  logic  processing. 
Hence,  the  stage  is  set  for  the  development  of  an  all-optical  digital  computer. 

A  digital  optical  computer  has  as  its  assets:  parallel  processing;  global  interconnections, 
that  are  favourable  for  architecture  and  algorithms.  But  the  digital  optical  computer  is 
a  late-comer.  Nevertheless,  the  optical  computer  has  a  chance  to  supplement  the  elctronic 
computer  as  a  special  purpose  parallel  processor. 

1 .  Introduction 

Probably  hundreds  of  billion  Dollars  have  been  invested  world-wide  for  the  development 
and  for  the  improvement  of  the  digital  electronic  computer.  This  development  was 
certainly  highly  successful.  Hence,  it  may  be  surprising  that  several  teams  aroi nd  the 
world  try  to  develop  now  an  digital  optical  computer.  What  is  wrong  with  electrcnics? 

What  is  so  good  about  photons? 

In  chapter  2  we  will  compare  the  suitability  of  electrons  and  photons  for  the  purpose 
of  computing.  Based  on  these  fundamental  features,  we  will  point  out  in  chapter  3,  why 
photons  are  in  some  ways  better  suited  for  parallel  processors.  Parallel  processors  are 
needed  to  satisfy  the  ever-increasing  demand  for  speed  of  computation.  In  chapter  4  we 
will  briefly  survey  the  status  of  digital  optical  computing  experiments,  including  our 
own  projects.  In  the  final  chapter  we  will  express  our  belief  that  a  digital  optical 
computer  has  a  good  chance  to  supplement  the  capabilities  of  the  digital  electronic 
computer . 

2.  Electrons  and  photons  as  carriers  of  information 

The  interaction  between  two  electrons  is  strong,  whereas  two  photons,  normally,  do  not 
interact  at  all.  From  this  comparison  follows:  electronic  signals  are  easy  to  switch, 
which  is  necessary  to  perform  logic  operations.  But  it  is  difficult  to  influence  a  beam 
of  photons.  We  conclude:  electrons  are  more  suitable  than  photons  as  carriers  of  infor¬ 
mation,  if  logic  operations  are  to  be  performed. 

Logic  operations  are  not  everything  that  happens  within  a  computer.  A  job  of  equal 
importance  is  the  communication  of  signals  from  one  point  to  another.  When  electrons 
travel  from  here  to  there,  they  have  to  be  guided  carefully  by  means  of  wires.  The 
various  wires  have  to  be  kept  apart.  Otherwise,  electrons  on  different  wires  might 
interact  and  thereby  disturb  the  transportation  of  signals.  Apparently,  the  strong 
interactions  among  electrons  was  good  for  switching,  but  it  is  bad  for  communicating. 

For  photons,  it  is  just  the  opposite.  Beams  of  photons  can  travel  in  free  space,  without 
any  guiding  structure,  without  disturbing  each  other. 

At  this  point  of  our  discussion,  the  electrons  deserve  a  grade  A  for  switching,  the 
photons  grade  F.  In  communication,  the  photons  are  graded  A  and  the  electrons  B  or  C. 

With  grade  F  ("failure")  in  switching  the  all-optical  computer  seems  to  be  ruled  out. 

What  is  the  fundamental  reason  for  the  grade  F,  or  in  other  words,  for  the  failure  of  two 
photon  beams  to  interact?  When  two  entities  (electrons  or  photons)  interact,  they  have 
to  satisfy  the  laws  of  conservation  (energy,  momentum,  angular  momentum).  Photons,  in 
addition,  are  obliged  to  move  at  the  speed  of  light.  In  other  words,  during  the  inter¬ 
action  of  two  photons  one  more  equation  has  to  be  satisfied.  The  system  of  equations  is 
overdetermined .  Nothing  happens.  That  situation  changes,  however,  if  a  piece  of  exotic 
matter  is  around,  while  two  photons  meet.  The  piece  of  matter  acts  like  a  midwife,  taking 
up  the  remainders  of  the  various  balances  of  conservation.  To  find  the  most  suitable  types 
of  exotic  matter  is  presently  a  very  popular  goal.  Significant  progress  has  been  made 
already . 

3_.  paral  lei  pr  icessors 

Already  John  von  Neumann  realised,  that  a  parallel  processor  would  be  superior  to  a 
serial  processor.  However,  a  parallel  processor  would  require  a  tremendous  meshwork  of 
wires,  if  electrons  are  used  as  carriers  of  information.  To  avoid  such  a  meshwork,  von 
Neumann  ma<le  an  ingenecus  "emergency  invention",  which  is  now  called  "von  Neumann's 
bottleneck";  certainly  an  unfair  expression,  because  without  that  bottleneck,  it  would 
have  been  difficult  for  the  electronic  computer  to  get  off  the  ground.  The  unfairness 
inherent  m  the  expressicin  "bottleneck"  is  even  more  apparent,  if  one  remembers,  that 
von  Neumann  also  had  the  idea  to  use  electromagnetic  radiation  instead  of  electrons  as 
1  n  f '  'rmaf-  i  on  carriers. 


*4 


Meanwhile  there  exist  a  few  quite  powerful  electronic  parallel  computers.  Their  potential, 
however,  is  limited  in  comparison  with  the  (not-yet-existing)  optical  parallel  computers 
for  fundamental  reasons.  An  electronic  parallel  computer  may  consist  of  an  array  of 
microprocessors,  arranged  on  a  cartesian  grid.  Every  microprocessor  is  connected  with 
its  four  nearest  neighbours.  A  computer  architect  would  prefer  it,  if  every  microprocessor 
had  a  direct  line  to  every  other  microprocessor.  That  would  require  (N-1)!  communication 
channels  in  the  case  of  N  microprocessors.  The  topology  of  such  a  network  of  wires  would 
be  quite  complex  if  N  is  reasonably  large,  say  logN  =  20,  which  is  desirable  for  image 
processing . 

With  light  beams  such  communication  networks  are  not  unrealistic.  Image  processing  by 

means  of  a  good  lens,  supported  by  a  smart  hologram,  does  the  job  of  simultaneous  trans¬ 

port  of  one  million  input  data  (object  points)  to  one  million  output  locations  (image 
points) .  The  input  data  from  a  specific  object  point  will  appear  not  only  in  the  immediate 
neighbourhood  of  the  associate  image  point,  but  anywhere  in  the  image  plane,  if  the 
hologram  was  d^'igned  accordingly.  In  the  language  of  computer  architects,  we  may  con¬ 
clude:  electronic  parallel  computers  are  capable  only  of  local  connections,  while  an 
optical  parallel  computer  is  well  suited  for  implementing  global  connections.  In  other 
words,  an  optical  parallel  computer  may  be  quite  useful,  if  the  algorithm  of  the  com¬ 
putational  problem  calls  for  global  connections. 

4.  State  of  the  art  in  digital  optical  computing 

In  this  chapter  we  can  be  very  brief  due  to  the  July  1984  special  issue  on  "Optical 

Computing"  of  the  Proceedings  I.E.E.E.  A. A.  Sawchuk  and  T.C.  Strand  /I/  present  a  survey 
and  they  report  on  their  own  laboratory  experiments.  A.  Huang  /2/  points  out,  why  optical 
parallel  computers  are  promissing  from  an  architects  point  of  view.  Ichioka  and  Tanida  /3/ 
present  their  optical  logic  processor,  which  is  surprisingly  simple  in  concept.  The  rest 
of  the  papers  in  the  I.E.E.E.  issue  are  no  less  important,  dealing  with  various  aspects 
of  devices  and  algorithms.  Our  own  experiments  in  digital  optical  computing  make  use  of 
diffraction  and  scattering  /4,5/. 

We  may  conclude  that  the  architectural  aspects  of  the  digital  optical  computer  are  well 
understood.  Several  laboratory  experiments  serve  to  explore  the  systems  aspects.  Research 
on  the  optical  digital  components  is  quite  lively. 

5.  The  chances  of  optical  digital  computing 

It  is  too  early  to  make  a  definitive  statement  on  the  chances  of  digital  optical  computing. 
Nevertheless,  a  few  encouraging  arguments  can  be  made.  The  need  for  solving  partial 
differential  equations  and  other  problems  with  intrinsically  parallel  data  is  steadily 
increasing,  as  can  be  seen  by  reading  the  January-1984-issue  of  Proc.  I.E.E.E,  on  super 
computer's.  Tf  more  high  speed  computing  power  were  available,  more  problems  could  be 
tackled. 

The  need  for  more  computing  power  does  not  necessarly  call  for  an  optical  computer. 

However,  the  architectural  advantages  of  the  optical  computer  justify  an  attempt  to 
develop  special  purpose  processors,  where  signals  are  carried  by  photons. 

Such  a  development  would  not  occur,  probably,  if  the  costs  for  the  optical  approach 
would  be  nearly  as  high  as  they  were  in  electronics.  However,  the  development  of  an 
optical  computer  does  not  start  from  scratch.  For  example,  an  ordinary  burning  glass, 
if  labelled  as  "photonic  fan-in  device",  is  ready  to  be  put  into  operation  right  now. 

A  good  lens  combines  rays  in  its  focus  with  an  accuracy  of  synchronisation  as  good  as 
a  femtosecond. 


Beyond  classical  components  (lenses,  prisms,  polarisers,  beam-splitters)  there  are  holo¬ 
grams,  fibers,  integrated-optics  devices,  that  exist  already.  Also  the  IC  technology  for 
producing  arrays  of  optical  micro-devices  can  be  called  upon.  If  GaAs  should  turn  out  to 
be  the  crucial  material  for  optical  micro-devices,  that  would  be  just  fine,  since  that 
material  is  now  developped  anyway  for  speeding  up  electronic  components. 

In  summary,  then,  an  optical  digital  computer  would  be  based  on  capabilities,  that  exist 
already  more  or  less  in  the  electronic  and  optical  industry.  Such  a  digital  optical 
computer  could  supplement  the  capabilities  of  electronic  computers  in  solving  large 
problems,  that  are  parallel  in  nature. 

One  of  the  authors  (AWL)  wishes  to  acknowledge  many  stimulating  discussions  with  Alan 
Huang . 
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IMS(  I  SSION 


.1  AN  .Haiis.  I  S 

1  \\A\ u  [\\i>  qucsli**!!-'  I  It  nuK  It  p.ti  .ilU  hstn  ho\\  m  «n\  p.ii.tlU  1  h.ititK  K  (..iti  \ou  h.ittJk  -  mi  .tii  ck\  1 1*  'itiv  ».  *  'iti|‘'uiei  ' 

\\  lull  N  I  he  iip[H  I  Imiii  '  )  ht  on*.!  t.jiksnot»  is  (  m««  kIiiumi  n.i\s  hi.  iI*h  sn  i  IvIk  \l  m  ihis  Jii'ii.il  •  'phi.  .il  s  i  'HifniU  t  l  i(!k  i 
at  least  a«.i.<>uiii)e  h>  his  lalk  in  Xiiahciin.  hul  hv  sa\  s  ih.il  ilk  •  'piK  s  v  an  d  'iii  nhnli^  inl«.  i<.  <  >nik-i.  is  I  i  k  eeii  in*  'linles.  i  a 
iMskie  a  «.  flip  il  sell  I 'I  ui'^e  i:li'luil  inleu  *'imeelh*n  in  an  eleelii»iik  tli  v  k  e 

Viithor's  Ki'pl> 

'l  "u  asked  !k I >  questions  i ui*.-  ts  liu.-  liee'iee  •  *|  pai <tllelisin  m  el«-i.  1 1 •  'iiu  s  and  in  i '{Xu  s  ihi  oihi.  i  question  as  shi >uld 
iheu  he  a  put  el  \  '  »|Xk  aU '  miputei  oi  would  opiks  lake  «kei  *»n|\  pail  o|  ihe  |oh  '  In  leinis  .q  pai  allilisin  \ou  ean  take 
,is  .1  I  nlc  ol  1  huinl'  that  a  k  ns  toi  S  1 1  n  i  is  ^oi  »i)  h  »i  haiulhni:  I  iliilhon  ehannels  scpai  alel\  1 1  \ou  ai  e  \Mliine  U’  J'as  iiioi  e 
it  \ou  ai  e  lni  \  Ilk;  one  ot  ih<  ‘se  leiises  as  the',  aie  used  lot  mleijialei!  eiiemi  nianulai. lUMik:  then  \ou  niiuhi  ha\  e  1 1 ' 
indef'endeni  i.  hannets  m  juii  alle!  in  a  lens  s\siem.  So  ihai  s  ahom  ihe  dc^iec  ol  paiailelisni  llial  one  lens  e.in  handle 
I  «.  list  s  nuo  Ik  an  iniitoi  tant  pai  I  ol  sik  h  a  s\  sieni  I  low  nuieh  \oii  e.tn  ili»  in  eleelroiiies  I  don  I  knovv  I  onlv  know  dial 
\  \S  \  wants  a  svsienis  ot  liijdln  I  (>24  p.nallel  pioeessois.  (See  kisehci  aik)  Sehaelei  tn  IKKF.  SpfCirum.  IdN2} 

\  \S  \  knuld  hu\  1 1  w  Ikihei  ii  is  opik  s  oi  elect  lollies:  ihe  mam  ihinu  is  to  keep  up  w  iih  die  main .  mans  dala  lhal  are 
ei  imiiiL:  t.low  n  lioni  sp.tee  't  on  know  (he  numhci  ol  data  coniini'  down  iroin  satelliles  is  ol  ihe  ordei  ot  Id  Bihles  per 
seeoikl  S<  t.  the  amounl  ol  data  w  Iiieh  is  eoniini*  down  from  satellites  is  just  so  tremendousK  lariie  that  >ou  need  ver\ 
last  paiallel  pr  oeessois,  aiul  a  p.irallel  proeessoi  is  appropriate  because  semantietilK  die  inlitimation  in  satellite  pielures 
IS  parallel.  So  iherelore  M  s  quiie  pl.tusible  tlial  a  parallel  processor  ean  best  luindle  parallel  intornialion  w  hich  is 
senianlkitll\  parallel 

< )  k  I  tun  was  one  c|uesiion.  1  he  othei  question  was  what  (ioodman  said  at  Anaheim  Well,  dial's  already  a  while  ago:  I 
don't  know  w  hai  he  said  leeends  You  stunikl  read  his  latest  paper  which  appeared  in  the  Jul\  isssue  of  Proceedings 
IKPK.  Ma\  he  I  shoiildn'i  i.ilk  tor  Joe  ( ioodman.  At  least  —  yes.  it  is  conceivable  that  a  computer  would  be  hybrid,  dial 
certain  et>mnuinieaiiim  ste(  s  like  perfect  shuffle  are  done  optically  and  then  there  are  detectors  ditii  change  the  signals 
into  eleelroiis  and  alter  the'  base  been  processed  loealiv  b\  doing  some  logic  then  they  are  emitted  again  by  light 
souiees  and  so  on.  I  his  is  quite  eonecixable  and  actiialK  in  some  ol  these  circuits  lhal  are  conceived  and  worked  on.  for 
evample.  at  bell  the  ddletenee  between  (iholonsand  electrons  in  the  material  is  really  not  so  apparent  any  more.  Or.  for 
e sample.  I  saw  dcMces  deselopet)  at  Mi  l  l  in  Japan  and  at  Hitachi;  there  again  it  wasn'l  quite  apparent  any  more  the 
diderenee  between  optics  and  elect  rontes.  for  example  one  device  consisted  ol  a  unit  which  consisted  of  eight  hide 
photo  detectors:  ihcs'd  been  eonneeied  m  parallel  m  order  to  build  up  enough  voltage  lo  drive  a  little  transistor  all  in 
the  same  subsir.iie  .And  the  output  of  die  fraftsfsf<»fs  titf^crvciu  ligh:  emiJimg  ilioile  or  laser,  so  this  was  really 
one  unit.  I  hex  are  working  on  making  w  hole  ariavs  ol  this  unit,  so  \ou  might  sax  that  it's  optics  as  elect romes  but  in  an\ 
ease  such  a  laser  ol  parallel  dex  tees  would  be  desirable.  Apparent  Is  people  are  xxorking  on  it  in  xatious  places.  Mas  be 
in  I  dinburgh  (he  ideas  ate  difleieni  about  those  optical  logical  layers 

S.O.Smich,  I  K 

I  think  sou  right  Is  commented  ih.ii  the  global  intereonnceiioii  possibilits  «)f  optics  perhaps  will  turn  out  to  be  the  most 
iinpoiianl  klea  iii  digital  optical  computing,  but  ean  \ou  give  us  on  c-xample  *  1  .el's  suppose  that  we  ean  haxc  a  piece  ot 
nonlinear  digital  optical  logic  in  one  element  that  could  address  sax  Id'  elemenis or  Id'  elements:  this  is  now.  in 
principle,  possible  trom  espenments  (  an  \ou  give  us  an  example  of  a  priddem  \x  here  lhal  could  be  uselul'.’ 

\uth«ir's  Repl> 

In  I  (uinei  transforms  the  output  ol  one  partieulai  logic  layer  doesn't  go  through  maii>  steps  so  you  don't  have  a  fan-out 
ratio  of  one  ihous.md.  I  don't  know  of  such  a  problem.  Hut  from  what  I  hear  about  siruelural  analysis  in  weather 
toieeasimg.  there,  sometimes,  the  tan-oul  ratio  m  terms  oi  the  algorithm  ean  be  serv  high.  This  might  be  a  problem  lor 
which  an  optical  parallel  eompuler  is  suitable  burlherniore.  this  might  he  a  suitable  first  project,  because  such  a 
we.ilher  toreeasi  eompuler  would  be  a  somewhat  spcciali/ed  computer,  which  is  all  right  because  a  weather  forecast 
station  does  weather  forecasting  day  alter  dav.  so  ihes  can  alTord  to  base  a  somewhat  speciali/ed  computer. 

I  Hither  more  when  people  sax  .well,  but  XiUir  optical  computer  will  be  a  special-purpose  computer,  il  doesn't  reallv 
xxorrv  me  s<i  much  because  even  electron ie  computers  arc  !«>  some  degree  all  special  purpose  computers.  N’ou  wouKln'l 
t.ike  the  ei>mpuier  out  ol  a  hank  olliee  anil  then  use  it  lor  seienlitle  compulations.  The  configuration  *4  eompulers  is 
.ilwaxs  at  least  m  partial  degree  special  purpose,  i.e.  Ihe  term  special  purpose'  lor  me  is  not  a  dirtx  word. 


(  nidentified  .Speaker 

1  think  lhal  iii  sexeral  applications,  such  as  in  my  personal  field  of  radar  signal  processing  and  sonar  signal  processing 
and  such  things,  xnu  h.ive  a  huge  amount  of  dala  coming  in  in  parallel.  Nowadays  we  |usi  pass  them  through  one 
bi  xilcneek  li'v  .i  go<id  idea  lo  have  a  parallel  proeessi>i  which  is  capable  ol  perfoi  ming  mains  algebia.  etc.,  but  it  must 
be  ptogiammable  anil  must  have  the  accuracy  of  a  digital  computer.  We  are  not  satisfied  by  the  existing  logic  computing 
lie'  k  es 


D.Hosmiin.  Ne 

In  sour  presentation  vmi  h.ixe  kept  mamis  l<i  the  structure  of  a  computer  and  not  to  the  melneal  intornialion.  the 
amplitude  or  magnitude  VN  e  m.is  not  assume  that  all  data  p.iths  have  an  equal  length.  So.  we  must  also  assume  thal  the 
inputs  \ar\  m  magmluile  What  kiiiil  ot  dvnamie  range  do  vtui  foresee,  which  is  acceptable  for  the  optical  com  pule  i  ’ 
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Author's  Ki*pi> 

cll.  I  he  .ulN.inl.iuc  •'!  hin.ii  \  ownpulalion  is.  dJ  course,  somclhiiiji  vvhicli  an  optical  conipiitci  should  li\  lo  make  use 
.>1  And  uheii  pet»ple  talk  atn>ul  digital  ofnical  computers  thc>  usualK  think  »»l  hinaiA  signals.  Some  pei*|>le  do  not;  iheie 
are  some  .leousio  optical  psuedo-hmary  computers  ct>iiccived.  and  in  Kortunc  Vla^a/ine.  vi>u  eauild  prohahh  read  a  hig 
article  on  this.  These  might  he  scry  special  purpose  computers  —  I  don't  knou  —  that's  in  the  long  range.  The  luture  ol 
optical  t)ptieal  computing  is  questioned  hy  you  in  saying  that  it  you  have  data  coming  in  in  parallel  some  data  are  upheld 
because  the\  have  lo  undergo  some  pnH'cssing,  but  s«ime  other  data  are  synchronous  at  first  —  they  are  not  delased  In 
processing  So  wc  have  a  poihlcm  tif  syiichroni/alion  ol  large  data  fields:  for  that  purpose  one  needs  tapped  delav  lines. 

( )ptical  tapped  delav  lines  with  parallel  leaturcs,  even  eontr<»llahle.  is  already  one  of  the  subjects  we  tried  to  address;  at 
least  we  have  some  ideas  how  ihis  can  be  done.  It's  definitely  the  truth  that  such  a  device  would  be  necessary  in  order  lo 
svnehrom/e  data  streams 


D.Bosman,  Ne 

Isn't  It  true  that  in  an  optical  c«miputer  vou  would  need  a  new  device  which  is  not  necessary  in  the  electronic  eivinpuler 
like  a  magnitude  regeneration  unit'.’ 

Author's  Reply 

Well,  in  an  eleclrcniic  computer  vou  alsi>  need  a  refresh  stage  to  bring  up  the  signal  to  a  certain  defined  level.  So  w  hat  we 
definiielv  need  is  something  like  a  non-linear  hard  clipper  vshich  accomplishes  this  purpose.  So  I  think  in  the  set  of 
schemes  we  call  indirect  linear  logic,  wc  would  need  really  hard  limiters  and  at  the  same  lime,  converters  from 
incoherent  lo  coherent  light.  If  I  do  have  a  layer  which  converts  incoherent  lo  coherent  light  and  at  the  same  lime  dt>es 
stune  hard  limning,  bringing  it  all  up  to  the  same  level,  then  1  think  I  can  set  up  a  total  svsieni. 

J.P.Dakin,  UK 

In  the  description  of  your  computer  arehiteciurc  you  said  that  you  would  have  a  random  shuffle  arrangenieni  using 
holographic  type  elements  m  the  system,  lather  ol  these  could  be  some  sort  of  fixed  elements  which  would  deflect 
perhaps  in  a  given  direction  and  then  you  don't  have  the  freedom  for  random  access  or  they  may  be  perhaps 
addressable  and  programmable.  Vou  may  need  a  digital  electronic  computer  with  the  same  capacity  of  the  computer 
you're  trying  to  design  in  order  to  be  able  to  randomly  address  such  an  array  of  holographic  elements.  (  ould  you 
perhaps  go  into  details  on  the  problem  of  this,  which  seems  to  be  perhaps  the  main  stumbling  block  in  the  optical 
computer,  as  far  as  I  can  see. 

Author's  Reply 

A  cs  that's  right,  f  he  computer  shiiuld  he  programmable.  So  the  first  step  is  the  opporiunilv  to  simpK  bvpass  the  perfect 
shuffle  I  his  can  be  done  by  having,  for  example,  a  Wollaston  prism  which  either  swings  the  whole  beam  to  the  left  ami 
It  goes  through  the  perleei  shuffle,  or  to  the  right,  and  then  it  simply  bypasses  the  perfect  shuffle.  The  next  thing  is  that 
vou  want  to  appK  (he  perteet  shuffle,  not  lo  the  whole  field,  but  you  want  to  applv  it  only  to  one-half  field  and  separaieb 
tt>  another  half  field.  Or  maybe  only  to  one  quarter  field  and  so  on.  If  you  do  this  sub-division  oi  perfect  shuffling  into 
partial  fields  -  binary  partial  fields  —  then  you  come  up  with  something  like  bunyon  structures  and  benish  ci>des  and 
things  like  that.  So  it  is  possible  lo  generalize  it  so  the  basic  component  that  does  the  control  is,  tor  example,  a  Wollaston 
prism  w  hich  can  cause  either  individual  beams  or  whole  bunches  of  beams  t<'  swing \o  (he  left  or  to  the  right  and  then 
find  the  proper  hologram  or  whatever  unit  might  be  that  does  the  shuffling  either  Un  the  whole  array  or  only  lor  partial 
lavs.  That  provides  llexibiliiy.  In  addition  it's  so  that  even  if  vou  do  always  the  perfect  shulllc  with  the  whole  field  but  in 
between  vou  alwavs  do  some  nearest  neighbour  operations  where  v<»u  have  either  exchange  of  nearest  neighbours  oi  let 
them  |ust  go  straight  or  possibly  every  second  one  is  eliminated  or  stimeihing  like  this,  then  this  also  gives  a  large 
anuninl  of  freediini  in  rearranging  data  structures  or  readdressing. 


K.Spit/.  T  r 

M\  question  is  about  this  perleei  shuffle.  lot>.  Ytm  were  saving  in  an  eleclriniic  matrix  for  example,  il  vou  want  to 
propagate  a  signal  from  the  left  to  the  right,  it  goes  ihr«»ugh  several  cvcies.  This  is  true  because  you  have  got  elemeniaiv 
iwn-posiiion  swilehes.  and  vou  want  lo  have  complete  flexibiliiv  aiul  so  you  go  through  all  these  steps,  A  on  could  (in 
eleetronies)  put  in  parallel  to  each  layer  derived  value  and  then  you  would  go  straight,  but  vou  don't  want  to  do  this 
because  this  makes  the  preparatmn  loo  difficult.  Now  il  Tin  coming  it»  vour  perfect  shuffle  and  if  again  vou  want  to  Itc 
fleMble.  vou  w  ill  need  some  elements  and  vou  were  speaking  about  the  VVo!Iasi<m  prism  which  w  ill  have  onlv  two 
p<»ssi  bill  ties,  piiihahiv .  S«t  vou  will  be  in  the  same  situation  because  either  vini  will  pul  all  the  things  in  parallel  and  vou 
will  have  onlv  the  jnith  for  one  rav .  or  vtni  will  cycle  it  Then  vou  arc  in  the  same  situation  as  an  electron  system.  So  I 
umicrst.md  the  general  idea,  but  I  have  the  impressnm  that  lor  the  same  flexibiliiv  vou  w  ill  be  in  the  same  situation  in 
optics  as  m  electronics.  .\ni  I  right  ’ 

Author's  Reply 

I  hope  not  I  think  what  vou  arc  im|dici(lv  (.liking  about  has  somctiiing  lo  do  with  the  so-callcd  single  instruction 
multiple  dai.i-sirc.im  parallel  computers  and  mulltpic  data-sircam  computers.  If  vou  unitormlv  applv  all  the  same  rules, 
the  so  c.iUcvt  single  instruciioii  multiple  ilaia  siicam  svstem  is  rclativclv  easv  to  iniplcmcnl  ami  that  one  would  do  first 
I  he  applicabilitv  of  single  insirm  tic*n  mulliplc-dala  stream  is  probablv  got>d  cmnigh  loi  the  beginning  because  if  vou 
.ire  investigating  irn.iges  <ind  v«»u  are  looking  lor  a  certain  feature,  then  wm  are  asking  the  same  question  tor  llie  uppci 
left  corner  and  (he  lower  right  corner  of  the  image  field,  st)  the  single  instruction  nuiltiplc-dala  strcaiii  approach  foi  the 
lime  being  is  al  least  the  first  goal  that  is  useful  enough 
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K.Spii/,  f  f 

\  uiu\ci  NtaiHl  this  Inn  ih<n  is  iruc  in  clcclronit's.  Iih>:  you  vc  i:i>l  cable  loi’ics  which  arc  less  Hcxiblc  aiul  ihcn  it  j^dcs  nuicli 
MU  we  lapidlv .  loi  cxainpic  the  last  hounci  iranslDini.  where  you  have  cabled  Utgics  which  are  nnieh  lasier.  So  vou  are 
exciianmni:  ne\ibilii\  lt>r  some  more  speeiali/cd  calculalions.  I  ihiiik.  it  vou  want  to  be  honest,  we  have  to  alwass 
eoinpare  the  same  t\pe  I't  llexibililx  and  same  type  ol  caleulabilily. 


DEFORMABLE  MIRROR  NEAREST  NEIGHBOR  OPTICAL  COMPUTER 


A,  D.  McAulay,  PhD 

Texas  Instruments  Inc.,  Central  Research  Lab.,  MS  238 
P.O.  Box  226015,  Dallas.  TX 

SUMMARY 

Many  problems  are  efficiently  computed  on  nearest  neighbor  machires  because 
they  involve  regular  grids  or  grids  which  may  be  envisaged  as  distortions  from 
regular.  Examples  include  image  processing  and  finite  differences  and  finite 
elements  which  dominate  engineering  and  scientific  computa".  ion .  Last  year  I 
proposed  an  optical  nearest  neighbor  machine  concept  with  5  bit  accuracy,  O'. 
The  simple  design  in  this  paper  uses  residue  number  arithme';;<:  and 
deformable  mirror  arrays  of  ICOO  by  1000  elements  to  acnieve  15  miilitin 
operations  per  second  with  32  bit  accuracy.  I  assume  tha-.  an  array  mav  be 
in  3  mseconds.  Duplication  of  equipment  by  64  times  enaoies  one  biili'ir. 
operations  per  second  because  perfect  parallelism  ;s  a  •  h  i  evab e  w  . h  resiiuc 
numbers  and  nearest  neighbor  concepts.  It  is  an:  .  c  i  pa- *nd'  the  increase! 
of  deformable  mirror  devices  .n  computer  peripherals  w..:  ,?«iva"''e  *  r.e  '■ech-.i  .• 
to  the  point  where  designs  such  as  tnat  pr.-posei  will  he  prar  t  i 
proposed  scheme  appears  to  be  superior  to  prodi"  an.i  -ip'-ia.  m'd  ..  • 

schemes  for  nearest  neighbor  compu’- at  .  nn . 


INTRdDLCTLcN 

Finite  elements  and  finite  differen-es  recrt •  t  f>>  .ivm :  :i<ir  *  • 

:ost  in  numerical  computation  for  scien  and  e'lc  .  nee  r .  ng .  Mary  ■■ 

problems  involve  regular  grids  or  ^rids  whicn  an-  c  i  >  •  • -r  *•  ed  r  r.  rc'u-,.iai,  ^ 
problems,  along  with  many  image  processing  pno.-rs,  n.ov  oe  et!.  .len*  .y  :  .. 
on  nearest  neighbor  connected  macmnes,  figure  ..  A*  '.he  sar»*  n-.i*., 

these  problems  cannot  be  ta-.xied  today  he  ur  esen'  -day  ■  .  •  »  , 

costly  or  too  slow.  In  other  cases  the  power  re  p. ;  rent'cr  s  :r  *  ne 
great.  Examples  of  problems  rep>irin«3  faster  -omp.'.ng  ar.s»^  .•  .--.-i  - 
problems  such  as;  the  determ  i  na- :  on  of  'he  sc- ;r  e  asso-iated  *.'•  i  i 

the  determination  of  the  nee ;  e  *nrou-jn  wni  -h  a  fiv’ld  prr.paga*  *».>  •  4  • 

determination  of  stiffnesses  :n  •  ne  opt  i.r.  zat  ;on  of  a  s' ru  t^ra.  I**-.:  .  :• 

problems  require  many  iterati<-ns  ot  t  ne  normal  f ;  n .  e  ei^^m-  '  r,. 

consequently,  only  scaled  down,  versions  <',f  the  real  problem  are  p-  s-.-.r-.e  *  i 

An  interesting  example  is  the  up<hjt.ng  -.'f  s'ructura.  and  aer  <'i /-.o:- : 
board  an  aircraft  so  tna*.  the  pilot  may  -se  the  models  to  pred.  :'  *  he  efte  * 

certain  operations.  This  could  represen*  a  useful  aid  during  tes*  i 

the  event  of  a  strurturally  damaged  airraf'. 

Previously,  I  nypo' ne:>  i  zed  an  .’pti-a.  ma.  nine,  ill.  using  -  uc-  u..’**-  . 

spatial  light  modula'ors  in  an  anal  do  Ti'.)de  vni.rh  provided  an  a^'ccracy  of  - 
The  configuration  pr')tc-:-.^d  here  .s  li<-*iy  'o  r.?e  feasible  sooner  oe  a-.se 
simpler  and  more  :sef  il  oe  <-,use  .'s  irea-.e;'  dynamic  range.  ru."s  • 

neighbor  type  nompu' a  *  i  ons  e :  t  . :  e- *  ;  y  and  thus  takes  advantage 

aris.nq  regular  ^r,>is.  1  :-r  rp.^rat  ions  ^  •  t  to  finis..  , 

not  to  -''Ve  r  1  ■>(  jk  fio' t  :  ks  wt  .  niih*  ir.se  in  input-output  or  els*'-;-  i 

the  .‘omputdt  ion . 


r  .  i .  1  Re s  i due  numbe r  -d- ve*  * r 

y  ;  j .  ^  .  'e  f  r^a  r  4  ;n  .  r  ' 


Sncj’^.cil  .iijht  noti  a  I  o  r  s  nave  Deen  investiQaied  by  many  people,  'o/.  Ti'.e 
propose!  pt  ..oessor  uses  spaiial  1 -.‘ghc  modulators  ot  the  deformable  mirr-^r  uevi  .e 
-ype.  DMo's.  Examples  are  memrrane  liijht  modula*-ors  which  have  oeen  ronstruciei 
.n  1  D.  I  Cl .  ,  and  2-3  arrays  '8,9)  and  oantiiever  beams  liO).  Memru-ane  li^n' 

:r.od  u  1  a  •:  o  r  s  -onsist  of  a  sem;cc''nd'uc*:or  device  with  an  array  of  128  by  11^8  or 

'  r  ans  :  s  *  Ts  ,  figure  2.  A  refiectinq  membrane  covers  the  surface  of  ■■ne  arrav. 

A  t  o.  1  *  .on  of  a  transistor  causes  the  membrane  to  be  locally  a’’ *^10  'ei  j~o 

res^i's  in.  a  dip  amove  tne  transistor.  The  depth  of  the  dip  is  iepen.dec  r.  '  he 

voltaqe  applied  tne  -ransistor.  The  transistor  a:  ray  is  set.  a  a^  j 

•  ime,  by  applying  appropriare  voltages  to  drain  terminals  across  th^^  '  j:  :  t -w 

ievice  ar.vi  lookinj  the  appropriate  row.  A  cantilever  beam  device  .s  s.n.la- 
except  tnat  above  earn  transistor  it  nas  small  plates  attached  by  ore  :;r.:.r-r. 
Energising  the  transistor  '.auses  the  cor:  esoond  i  nq  plate  to  bend  down. 

DMj’s  are  especially  targe*ed  to  peripheral  devices  such  as  d.sp.uy.',.  Tn..-^ 

•■:)ul,d  De  used  to  advar.-age  in  iterative  s::ieres  where  it  may  be  ies.rtbie 
tne  results  as  the  comp  u' a*:  .  c'n  progresses.  Tnere  are  significant  oer^r.ts  -  n 
reducing  the  num.oer  of  different  t  ech.no  log :  es  used  in  a  system.  ?:'-.-uress  i 
optically  addressable  2  3  arrays  could  lead  to  a  system  in  v.ni  .s 

applied  to  a  DM!)  wi‘n  a  light  pen  via  an  op*-:'cal  system.  du*  i  .*  .s  ,i  ;  re  -  *  1  v 
from  a  DMD  to  a  screen  a.nvi  comput  a  t  :  ons  are  performed  at  h:gn  spee  v .  imp's. 
Even  hard  copy  may  be  performed  directly  oe  addres.-i.ng  *  he  oMb  -  i 

printer.  At  this  .s*age  the  syste.m  could  be  very  compet.'ive  v.tn  ■  ..n  t  . .  r  u  i 
electronics  for  whicn  many  interfaces  and  different  .-.eg  .e.s  are  :-^g,:rrri. 

Tne  proposed  procesS'..“r  uses  residue  num.oer  sys'e:*  'h**  :"/  'll'.  EtS', 

a  .’hieve  dynamic  range.  RNS  has  previously  been  invest  iga**’.:  for  apiili  t’  I'c 
)pti;::s,  '.12.13,14),  A  convertor  is  used  d.i:'.ng  ; ''•“To*  ;  Or.s  •  •  :>.*'■  :r.'.  '  ;>• 

of  the  residue  number  comput  a*  .or.s  bacK  to  tht-  range  .;f  "heir  r*,)d.i-,.  An  jr-j 
iesign  seems  simplest  because  the  regu  i  ren  c:i*  s  :  ;r  an  .'arajy  are  reas-c-na:' le  w 
•he  limited  range  of  the  numbers  involved  .n  nearest  ne:gnb<'r  res..i..al  r'-.r 
compu*’ a  t  i  ons  .  Optical  methods  are  proposed  :r  reference  13  but  e  le  ;*  r.-i  ,  .  > 
required  to  conver'  from  mter.s.ty  to  d  i  sp  .  a.-eme  "t  and 

Other  researchers,  suen  as  P.  Guilfoyle  (15,16),  plan  to  ^nh.eve  tne 
desired  performance  with  an  acousT  jpr  i  •  devi.ce  used  in  a  systolm.-  mode  ■  1 '  ,  1 8  ' 
with  digital  multiplication  ty  analog  co-volut  ion  to  achieve  sufficient  dyr,,n':  ' 
range,  <19).  Acousto- opt i c  cells  are  used  widely  because  they  are  well 

developed  and  exceptionally  veil  scited  to  spectral  analysis  appl icat .ons  i " 
which  data  is  applied  dire'tly.  or  with  frequency  shift,  to  the  a  -.cus*  i  ' 
transducer.  In  addition,  there  has  been  a  *  rend  to  propose  sytems  to  tax- 
advantage  of  more  read.ly  ava.lable  1-D  light  modulator  technology  (21,21'. 
Many  of  these  systems  <io  rot  appear  to  be  too  practical.  The  outer  t'r  d..,  ■ 

-oncept  for  mult  ipl  ica' ion  does  not  taxe  advantage  of  the  nearest  ne  i  i  hi' i  ;• 

nature  of  '  r,e  comp.tation  and  be  :a  .,se  outer  pr  »di<-ts  are  accumulated  cn  a  *  i  n-' 

integrating  devve.  the  dyrami  :  ranee  )*.  *  r. .  s  ievice  limits  the  sice  cu'r.*^ 
tnat  may  be  handled.  Others  nave  irves' .gated  the  solution  at  pdr:;i. 
differencial  equations  with  ana'.c;  or  >  •►^ss-nrs  (.:2'  and  wi-h  svs'oli  ir-j.-'-, 
'231. 

C'-NCEPTS 

Sys t  em  ve rv  . ew 

A  host  computer  with  a  terminal  are  shown  a*.  *  ne  toti  f  t.-iurv  4.  I 

observe  'hat  humans  have  a  limited  cap''a-.ty  for  .nput  and  ou^pur,  so  *na'  ns  'he 
pr  iDiem  size  and  complexity  increa.se  1  do  n-*  ex-pec'  the  mpu^  ju'pu^  to 
.n -reuse  in  proportion.  I  assume  that  the  se'ting  up  of  the  marri  es  and  '•  :'.e 
lu'pu'  -'perations  are  not  a  significart  par'  of  'he  computation  time  f-'C  lar^' 
fini'e  element  problems.  T.hese  operations  may  thf»n  be  efficiently  a.  p  i  i  .shod 
.n  'he  hos^  com.puter.  The  matrix  eiemenfs  are,  for  example,  funct.ons  of  'he 
s'.ffnt^'ss  ot  a  struztjre  or  the  ‘propagaT.  .on  medium  properties. 

in  'he  case  of  a  regular  grid,  yr  a  grid  distorted  from  regular,  a  rearesr 
ignhor  .omputd'ion  is  suitable.  This  requires  that  every  point  ;n  a  ma'rix, 
a  1  I the  field  ma'rix.  may  be  updated  by  adding  specified  amounts  of  values  at 
j'e  ir  more  '•he  ''eighhorina  points.  The  specified  amounts  to  be  adde'i  from  a 
neighrv-)!'  to  the  nor'h  of  each  point.  generates  a  'north'  coefficient  matrix. 
Tnis  represents  a  spatially  varying  filter,  as  the  amount  to  be  added  to  ea  h 
O'-'.nt  var.es  according  '«>  'he  position  of  the  pc'jint.  Similarly  .'her 
leff.  i*=»nt  ma'rices  may  be  considered  for  east,  -wes'  and  south  d  i  re  :  ‘  i  .  in 

•  n»>  ase  cf  finite  eleven's,  values  at  a  point  reprfusen'  a  field  -^ver  a  :  .'e 

region,  con seguen t  1  */ ,  additional  matrices  are  rejuir'*d.  In  •  '.»■  o 

'r;anqidir  *=lements  a  nor'h  east  and  south-wes'  ma'r.x  will  sifti'f. 

An  ini'ial  es'im.a'**  of  the  field,  e.g  stress,  jr  ma-ice'.  i.e.i.  is  cjl-ic 
r^'qjirpi  fijr  ite.-j'iv^  schemes.  In  cases  such  as  tha'  ar. sing  in  ge:.t  n/::. .  a . 
pr»»s'a'x  inversion.  (3),  where  a  region  to  be  es'imatt-i  overlap.s  that 
►’ar. ler,  a  qocid  estimate  is  known  and  the  iterative  te'hri^ue  is  p  re  i  r  1 .  d 

■asPs,  s'J  h  as  those  frequently  arising  in  strurrurps.  where  the  'pt'.i'rt  i  ;s 

.np  repea'ed  many  times  with  different  loads,  LU  de'onpos' mn  is  more  n^ner.  dlly 
pf*':  'len'  because  the  decompos  1 1  i  on  need  be  performei  3niy  once.  <‘)pf  i 


Tie'.ru.His  ot  compu'-iH'^  s.i'h  r,  L:n  e  r  . '.:a  i  -.echniq-ies  jjv  .  m-.L''.-,-:  /•<.  .-5 

T.O'i  1 1  : -ra' i  on  of  the  p:‘:)p>>se<i  desiqn.  will  be  required  '•)  da  -  •_..•■  i’  . 

LJ  Decomposition  ac.i  n  >n  ceqj.ar  qr:i  problems  e  f  f  1  c  i  e:-. »  1  v  . 


The  OCX  at  the  lower  leff  in  fiqore  4  uses  peralle:  2  7)  -  :.y 

optical  mu  1 1  1  p  I  i  ca  t  1  on  ,  (1),  to  perfjrm  '■he  main  ca  1  C'j  i  a  t  1  or. .  The  :  n:'! 

Its  use  for  performing  nearest  r.eiqhoor  computations  are  descrir^el  la-er.  I:'*-'' 

ouput  intensity  .measured  oy  the  CCD  is  moduloed  bar.K  tu-  c;i  intensi'y  •  .'-e 

range  of  the  residual  number  s7s*er.  in  the  lower  right  box.  This  is  ext  j 

in  the  sections  on  t  ne  residue  nurtioers  arid  the  modal'-*  op>eracion. 


The  new  i  n  t  ens  .  t  y  :s  alsv»  fed  ?  tre  hos*  for  converger  ..‘e  evalua'  :  .a-  : 

display  purposes.  Converger.ce  eval  la-ion  is  fast  De.:ause  it  does  r.'!'  r--  :^.:'';' 
t  ransf  ormat  ion  back  to  der'imal  r.umr.ers  .jr.d  may  be  perforn-ed  in  parallel.  Ea  r 
residue  number  may  be  .‘ompared  wi*n  its  value  on  a  previo'us  i-eru'  .  - 
separately.  The  convergence  eva  1  ua^  i  or.  .s  .ivailao.e  to  the  user  for  c-*r"r.*i  -if 
termination  if  he  so  desires.  Trie  field  .es-.l's  cire  displayed  at  i  r.  f  r-^':  .♦•••  • 
intervals  and  it  is  ant  ic  1  paied  '  na"  '.ne  -jser  -will  wish  to  examine  'he.-o- 

i  p.  t  e  r  d-' t  i  ve  I  y  at  tne  e.nd  of  the  ;rjrriput  i'  ion  .  The  ;onverqen'Ce  e'/al  ;a'  .<)"  a"  •. 

intermediate  displays  may  be  per : -'rre  i  at  *  ne  sane  time  os  the  opti.:al  c-'r/’’  : 

'he  prjressor  is  rontinuing  to  'coit  'e  rur'.iec  iterations.  r.he  jonvers.c  - 

IS  small  relative  t'O  the  •••.input  a*  i  .^n  time  oecause  large  problems  reg'i  i  r  i  r.',; 

speed  of  this  process  )r  will  perform  n.^ndre.is  .ir  thousands  of  opti.'al  itera*  . 
before  t.ne  results  are  of  interest.  c.'.i.nser-.e.nt  ly,  the  speed  of  the  c  ;r.  ver-e.' . - 
evaluation  computation  and  the  :inve:'si-on  to  decimal  for  disp.ay  are  le^.: 
■jritical  and  may  be  performed  in  the  hos’’ . 
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Residue  number  systems  have  been  built  in  digital  electronics  at  L-i:k:'cc  i , 
Mart  in-Mar  letta  and  Mitre  ’.11)  and  opti'tal  systems  have  been  proposed  <1,1.13, 
14).  The  principle  advantage  is  that  once  numbers  have  been  zonvertecl  i  a 

.:ode,  coded  numbers  :an  oe  added  and  multiplied  by  separa^.e  opera’- ions  i;.  ea  ■  . 
element  of  the  code  and  no  carries  befween  elements  of  the  code  are  ne -.-essa  :•  / . 
Let  us  perform,  operations  3  and  x  3  for  the  purpose  -if  .  1  1  us*  ra i . 

Select  a  se^  of  relatively  prime  numbers  S'u--h  as  '  3 .  4  .  f  )  for  a  m-..'d'ili  se*  .  Tee 

residue  code  for  a  number  is  de'.ermir.e-i  by  mo<iul'-*;ru  vi*;-;  ea  't  el'-'-'-e..*  “  ■-= 
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Fig,  8  typical  Insertion  Loss  of  R.F.  Links  (5  GHz,  with  fibre  attenuation 
1  dB/km  and  coaxial  cable  attenuation  1000  dB/km) 

It  nas  been  ca Icula ted < 2 3 )  that,  using  optimised  values  of  4^  ,  K^,  and  r,  the 

intrinsiv  insertion  loss  of  the  elect rical -opt ical -elect r ical  conversion  could  be 
reduced  to  a  minimum  of  10  dB. 

Ihe  overall  S/N  for  a  single  optical  fibre  link^22)  depends  on  the  photodetector 
shot  and  thermal  noise  together  with  thermal  noise  associated  with  the  following 
amplifier,  and  on  the  laser  a.m.  noise  (laser  intensity  noise).  For  signal  transmission 
at  GHz  frequencies,  laser  noise  is  generally  dominant  for  short  links  which  have 
relatively  high  optical  power  at  the  detector.  When  the  detected  optical  power  is  low, 
detector  and  amplifier  noise  usually  dominates  (Fig.  9). 


OC PHOTOCURnCNT 


Fig.  9  Typical  S'N  of  a  Fibre  Optic  R.F.  Link  (Ref.  22).  HIN  represents  the 
level  of  laser  relative  intensity  noise. 

The  conclusion  as  regards  fibre  optic  signal  distribution  manifolds  is  therefore 
^hat  the  required  SN  ratios  for  radar  r.f.  signal  distribution  in  a  phased  array  may  be 
obtained,  but  that  the  number  of  output  ports  is  severely  limited,  typically  to  about 
10,  from  a  single  laser  of  the  usual  10  mW  output  power.  More  output  branching  may  be 
provided  if  a  degradation  in  S/N  is  allowed  (Fig.  10). 


A  principal  advantage  of  optical  fibres  lies  in  their  weak  sensitivity  to 
tempera’.,  are.  Changes  in  temperature  of  a  fibre  affect  the  signal  propagation  delay 
through  a  thermal  expansion  in  ler)gth»  L,  and  a  change  in  refractive  index,  n.  For  a 
length  L  ot  iiore,  the  change  with  temperature  T  in  insertion  phase,  :  ,  for  a  modulation 
irt-quenoy,  of  the  optical  carrier  is: 


wner*L-  c  is  the  velocity  of  light  in  vacuum  and  i  is  the  fibre  thermal  expansion 
v'O.'f  t  icient  .  Both  i  and  dr 'dt  typically  have  values  around  L0“^/^C  and  thus  for  L  = 
10  m  and  t  =  1  GHz,  d  dT  O.l^/^^C.  This  is  approximately  an  order  of  magnitude 
better  than  tor  coaxial  oable^^^^,  microstrip  or  stripline  structures. 

Surprisingly,  one  of  the  most  difficult  problems  encountered  with  fibre  optic 
networks  is  still  that  of  splitting  and  combining  optical  paths.  Relatively  low  loss 
(eg.  1  dB)  single  mode  connections  may  be  made^2l)^  branching  networks  leg.  star 

couplers)  still  are  difficult  to  manufacture.  Again,  the  solution  may  only  lie  in 
integrated  optical  analogues  of  conventional  waveguide  couplers. 


1.  R.F.  SIGNAL  DISTRIBUTION 

j.l  Outline  Considerations  for  a  Phased  Array  Signal  Distribution  Manifold 

TtiC  likely  requirement  of  future  active  phased  array  systems,  as  identified 
earlier,  is  for  distribution  of  r.f.  signals  at  a  level  of  a  few  mW .  This  can  be  done 
in  any  of  the  conventional  transmission  line  media  such  as  waveguide,  coaxial  cable, 
stripline  or  microstrip,  Disadvantages  are  the  relatively  complex  mechanical 
construction  involved,  the  significant  mass,  and  the  poor  stability  of  insertion  phase 
with  temperature.  Loss  can  be  significant,  but  since  path  lengths  are  relatively  short, 
this  does  not  usually  exceed  more  than  a  few  dB.  The  trade-offs  to  be  made  in 
considering  whether  a  fibre  optic  manifold  is  a  viable  replacement  for  a  conventional 
manitold  lie  chiefly  in  considerations  of  loss  and  stability,  together  with  the  fact 
that  the  fibre  optic  network  can  carry  other  signals  as  well. 

An  approximate  power  budget  for  the  optical  signal  distribution  manifold  (Fig.  7) 
may  be  calculated  easily  and  is  given 


Fig.  7  Fibre  Optic  Manifold  for  R.F.  Signal  Distribution 

where  is  the  r.f.  signal  input  power,  Po^t  the  r.f.  signal  output  power;  i.  , 

and  ipare  optical  transmission  coefficients  representing  losses  in  coupling 
(laser-fibre,  fibre-detector),  attenuation  in  the  fibre,  and  in  fibre  branching  nodes, 
respect  ive  ly .  N  is  the  number  of  array  elements  to  be  fed,  Rj_^  is  the  detector  load 
resistance  and  r  is  the  laser  dynamic  slope  resistance. 

For  typical  values  such  as  K  =  0.25  A/W,  =  0.2  W.  A,  Hj  =  50  .,  r  =  4,  ,  i  =  0.5, 
=  I  ,  =  0  .7  :  '  ' 
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For  a  single,  unbranched  optical  link,  the  insertion  loss  of  24  dB  is  fairly  typical  of 
what  has  been  achieved  in  pract ice ^ ^ ^ ^ .  It  can  therefore  be  seen  that  a  severe 
initial  penalty  is  paid  as  a  result  of  the  elect r i ca 1 -opt ica I -el ect r ica 1  conversion,  but 
that  the  overall  link  loss  in  long  optical  links  can  be  lower  than  for  conventional 
links  (Fig.  8).  It  should  also  be  noted  that  the  signal  power  on  the  network  branches 
decreases  inversely  as  the  square  of  the  number  of  (jutpuf  ports  because  of  the  square 
law  relation  between  optical  intensity  and  signal  furr»'>nt. 


Fiy.  6  Dott*ctod  Output  of  Two  Laser  Beams  Phase  Locked  to  a  Microwave-*  D i  f  l  e rence 
Frequency  close  to  2  GHz 

2 .  I  Detectors 

The  T.ost  common  optical  detector  is  the  pin  diode,  which  provides  an  output 
photocurrent,  l^,  approximately  a  linear  function  of  the  incident  optical  power 

If.  -RPd 

wh'-re  IS  the  responsi  vi  ty ,  typically  oi  value  0.4  A/Vv. 

Noise  in  the  detector  arises  from  dark  current,  shot  and  thermal  effects.  The 
.liinimum  optical  power  level  which  a  given  S.  N  for  a  signal  of  bandwidth  b  may 

:•  obtainod,  assuming  thermal  nois"  iominatos,  is: 

•’d  ,  m  I  n  ‘  /'  \  '2  ) 

fi  [  \  _ 

with  Hi  th.o  dvt“Ctcr  load  res  i  stanc*"' ,  k  Boltzmann's  constant  and  T  the  noise  t  emj-'Tvi  t  ur 
ot  the  dot.t'Ctor  (lOUO-3000  K,  typically). 

r  I  r-i{u»‘'ncy  r^'sponse  is  limited  by  RC  and  transit  time  offects  in  the  diod*.-' 
this  t“nds  to  imply  th*-*  use  ot  low  values  of  Rp.  Recent  developments  using  GaAs 
hc'si'.tti^y  oarri'^r  st  r  urt  jr  •■>s  ^  ^  ^  ’  have  shown  that  devices  with  corner  frequencies  ot  at 
l‘.ist  20  Git?  and  maybe  in  '-xeess  of  60  GHz  can  be  realised. 

Avalanche  p-n  junction  detectors  giv'e  higher  sensitivity  tlirough  their  internal 
gain;  FHT's  also  can  .art  as  photcd«^t  ectors  with  gain^i^^;  howev'-'r,  it  appeears  that 
I'lptimum  Lie  r  f  o  r  T.anco  is  ob*’ained  with  a  pin  detector  followed  by  a  low  n<;iso  MF.Si- t.'l' . 

S-.ime  [‘Mr  t  c  rmanc*-'  opt  i  nu  sa  i  on  may  be  carried  out  by  careful  impedance  matching  ot  the 
MF.Si-r.'l  inpi.b  as  *  h*"-  d  i  od‘o  load. 

/!  .  4  .  'I't  1  oa  1  r  1  1)  r  • '  s 

rtiM  us*“  ot  sifi'.?!'-  modo  or  multi-mode  optical  fibres  in  a  signal  t  r  an  sm  i  s  s  i  c'n  link 
■i<-[Mnds  vMry  mum  «)n  th*’  riaturM  ot  t!ie  sicjnal  to  be  carried.  Tlie  speckle  patterr.  i  ti  a 
:i  I'.ti-mode  fitjre  is  very  sensitive  to  vibra^’ion  or  mechanical  distortion  of  tne  fihr':‘ 
and  this  can  significantly  d''-grad*‘*  the  c  1  ose- to-ca  r  r  i  er  S'N. 

To  prt.'serve  high  S  N,  .a  single  mode  fibre  is  required  and  it  muiy  alsi;  be  necessary 
use  polarisation  filters  to  ensur*-  polarisation  purity.  Single  mode  iiores  hIso 
av-.ud  ['rcblems  <d  modal  dispersion  ot  the  signal,  the  dominant  dispersion  effects  being 
due  to  ^he  tiL^re  material  alone.  Such  dispersion  effects  may  usually  be  totally 
riegi.w-r.Md  f(’r  radar  a {gd  i ca  1 1 ons  where  likely  transmission  path  lengths  for  signals  at- 
r.  p^*:iveiy  shcr^.  Tyrical  (  ba  ndw  i  dt  h  )  (  1  enqt  h  )  p^roducts  for  single  mode  fibr--*s  arc  in 
exoMss  nf  in  GHz.  km  }  jr  the  most  likely  optical  wavelengths  used.  The  optical  signal 
a*-renja*  ion  may  also  usually  be  negle<’»ed  since  it  tiocs  not  exceed  a  tew  dB  km. 


I 


with  Kl  a  constant,  typically  of  value  0.2W/A.  In  general,  a  mixture  of  a.m.  arid  f.m. 
IS  produced  due  to  the  effect  of  the  bias  current  on  the  light  intensity  and  on  the 
temperature  and  refractive  index  of  the  laser  cavity<14>.  Modulation  bandwidths  up  to 
6GHz  have  been  achieved  from  commercially-available  lasers,  and  there  is  evidence  that 
new  laser  structures  may  allow  modulation  bandwidths  in  excess  of  10  GHz. 


Fig.  4(a}  Laser  A.M,  Noise  (Relative 

Intensity  Noise)  as  a  Function 
of  D.C.  Bias  Current  Nornialised 
to  Threshold  Current 


Fig.  4  (b)  Laser  A.M.  Noise  (Relative 
Intensity  Noise)  as  a 
Function  of  Frequency  off 
Carrier  (Ref.  12). 


External  modulators  offer  another  means  of  modulating  the  laser  output.  Integrated 
optic  vers  ions  ^  1-5 )  have  demonstrated  modulation  bandwidths  up  to  about  20  GHz,  but  for 
relatively  low  optical  power  such  as  1  mW,  beyond  which  optical  damage  effects  occur. 

Thus,  it  may  be  said  that  r.f.  modulation  of  optical  cariers  at  optical  power 
levels  of  some  mW  is  practicable  only  at  up  to  about  6  GHz  at  present.  Radically  new 
developments  will  be  necessary  to  extend  these  capabilities  by  significant  margins.  One 
poss i bi 1 i t y ^ ^  is  the  use  of  two  c.w.  semiconductor  lasers  phase  locked  by  a  microwave 
frequency  offset  in  a  heterodyne  loop  (Fig.  5).  Experiments  have  shown  the  viability  of 
this  scheme  (Fig.  6),  but  the  use  of  any  technique  involving  coherence  at  the  optical 
frequency  still  brings  considerable  practical  difficulties  which  may  only  be  solved  by 
integrated  optics. 


Fiq.  5  Heterodyne  Phase  Locked  Loop  With  Two  Lasers  for  Microwave  Modulation  of 
Optical  Carriers 


[l^  i 


Ihe  i.i.  beamformer  might  thus  operate  at  a  frequency  in  excess  of  100  MHz  with  uf  to 

50%  bandwidth.  Both  the  transmitter  and  receiver  systems  in  satellite  communications 

work  with  relatively  constant  signal  levels  and  thus  dynamic  range  requirements  are  very 

modest,  rarely  exceeding  30  dB.  •*, 


2.  SIGNAL  DISTRIBUTION  USING  OPTICS 
2.1  Advantages  and  Disadvantages 

Active  phased  arrays  are  likely  to  require  signal  interfaces  at  r.f.,  i.f.,  and 
baseband.  These  interfaces  will  be  made  from  a  central  control  unit  to  each  active 
module  in  the  array  aperture.  At  one  time  these  modules  were  the  main  cost  component  in 
the  overall  system  due  to  their  complex  and  precision  tolerance  const ruct ion .  The 
advent  of  monolithic  microwave  integrated  circuits  and  VLSI  chips  has,  however, 
simplified  these  modules,  making  packaging,  connectors  and  signal  interfaces  a 
relatively  much  larger  component  in  overall  cost  and  reliability  considerations ^ ^ . 

Cons iderableadvantage  could  be  gained  by  implementing  all  signal  interfaces  on  a  single 
fibre  optic  link. 

Signal  distribution  on  optical  fibres  has  a  number  of  advantages: 


(a)  the  optical  carrier  is  at  such  a  high  frequency  that  signal  bandwidths  are  a 
very  tiny  fraction  of  the  carrier  frequency;  this  gives  excellent  constancy  in  the 
transmission  properties  of  the  link  over  the  required  microwave  operating  frequency 
range . 

{b)  a  number  of  signals  may  be  multiplexed  on  to  the  optical  link  using  different 
optical  wavelengths  (wavelength  diversity  multiplexing). 

(c)  the  distribution  network  is  flexible  and  of  low  mass,  which  is  important  for 
airborne,  space  or  naval  masthead  applications. 

(d)  the  distribution  network  has  a  high  immunity  to  electromagnet ic  interference 
and  cross-talk. 

(e)  the  insertion  phase  variation  with  temperature  for  microwave  signals  on  an 
optical  carrier  in  a  fibre  link  is  almost  an  order  of  magnitude  lower  than  for  the 
same  signals  on  a  coaxial  cable. 

However,  there  are  penalties  to  be  paid  with  optical  fibre  links  in  terms  of  the 
loss  in  the  electrical-optical-electrical  conversion  process  and  limitations  in  dynamic 
range  that  arise  through  these  conversions.  Following  sections  seek  to  clarify  the 
1  imitations . 

2 . 2  Sources 

Gas  lasers  have  narrow  linewidths  and  provide  optical  output  power  in  visible  and 
infra-red  regions  at  up  to  the  watt  level  or  more;  they  are,  however,  prone  to  low 
frequency  instabilities,  are  bulky  and  require  external  modulators.  Solid  state  sources 
are  therefore  preferable  and  the  choice  currently  lies  between  light  emitting  diodes  and 
lasers.  The  linewidth  of  an  LED  is  very  broad  ('10  nm),  its  output  power  usually  low 
(‘ImvO  and  its  modulation  frequency  response  limited  (v200  MHz  for  most  devices).  It  is 
therefore  best  suited  to  baseband  or  low  i.f.  applications. 


Semiconductor  lasers  are  the  most  suitable  source  currently  available.  They  now 
provide  output  powers  of  tens  of  mW  at  a  range  of  wavelengths  (850,  1300,  1500  nm). 
Multiple  strioe  devices  have  yielded  output  power  of  several  hundred  mW  and  pulse  power 
of  several  Early  semiconductor  lasers  were  multimode  devices  with  broad  spectra, 

but  many  available  devices  now  operate  in  a  single  mode  with  a  line  width  less  than  1 
MHz.  Laser  noise  has  been  extensively  studied  for  the  communications  application;  the 

noise  arises  from  a  variety  of  causes,  such  as  shot  and  recombi  na  1 1  on  processc's,  a 

typical  noise  characteristic  being  as  shown  in  Fig. 

Far-f rom-carrier  S/N  levels  greater  than  130  dB  (in  1  Hz  bandwidth)  may  be  obtained  and 
this  satisfies  the  usual  radar  reference  source  requ i rement s ;  cl ose- t o-car r i er  noise 
shows  a  typical  1/f  character  with  a  corner  in  the  region  of  10  kHz.  However,  laser 

noise  IS  a  strong  function  of  optical  feedback  into  the  laser  cavity  from  componenf s  in 

the  optical  path  and  may  in  many  cases  dominate  the  overall  noise  performance  of  an 
optical  link.  Normally,  a.m,  noise  is  the  important  consideration,  sinct*  phase  noise 
only  becomes  important  in  coherent  systems. 

Semiconductor  lasers  may  be  directly  modulated  through  their  bias  current  and  show 
a  dependence  close  to  linear  for  the  optical  output  power,  Fq,  as  a  function  of  t)ias 
current,  Iq,  above  the  threshold  bias  for  lasing'^^^.  Thus: 


Pq  =  KlIq 


Arroy  Elements 


Fig.  3  R.F.  Manifold  in  Receive  Mode  for  Active  Phased  Array 


manifold  is  more  acceptable  than  in  the  transmit  mode.  Interest  in  bistatic  radar 
systems^^^  or  systems  where  it  is  desirable  to  locate  the  radar  signal  processing 
equipment  remote  from  the  radiating  aperture  has  led  to  interest  too  in  relatively  long 
signal  distribution  links  (100  m  -  10  km)  for  the  received  r.f,  signal,  even  from 
conventional  mechanically  steered  radars.  An  obvious  requirement  here  is  low 
transmission  loss,  less  than  a  few  dB/km,  for  the  r.f.  signals. 

Many  future  radars  will  undoubtedly  use  i.f.  manifolds  for  beamforming, 
particularly  in  receive  mode,  as  is  the  case  with  the  Marconi  "Martello”.  Such 
beamformers  make  the  achievement  of  tight  phase  and  amplitude  tolerances  much  easier  and 
allow  flexibility  in  multiple  beam  formation.  Since  amplification  can  easily  be 
provided  at  intermediate  frequencies,  loss  in  such  beamformers  can  be  acceptable.  The 
mam  constraint  on  the  intermediate  frequency  is  that  it  should  be  sufficiently  high  to 
pass  the  signal  instantaneous  bandwidth,  which  could  be  as  high  as  20  MHz,  without 
difficulty.  Typical  intermediate  frequencies  are  thus  of  the  order  of  100  MHz. 

The  ultimate  in  flexibility  for  the  future,  however,  will  piobably  lie  in  digital 
beamforming  techniques ^  ^  which  only  require  the  provision  of  constant  level  high 
stability  reference  signals  to  downconversion  mixers  prior  to  signal  digitisation.  This 
is  covered  by  the  consideration  of  r.f.  signal  manifolds  earlier  in  this  section. 

A  final  requirement  of  array  radars  in  terms  of  signal  distribution  is  that  of 
control  signals,  in  almost  all  cases  digital,  to  set  phase  and  gain  in  the  individual 
element  or  sub-array  channels.  The  very  maximum  requirement  here  would  be  for  a  new 
beam  dire'^tion  every  pulse  repetition  interval,  unless  schemes  involving  receive  beam 
steering  within  the  interval  were  to  be  implemented.  For  a  1000  element  array  and  a  1 
ms  p.r.i.,  the  data  rate  for  each  element  is  a  few  kb/s  and  for  the  array  overall  it  is 
a  few  Mb/s.  The  exact  numbers  depend  on  the  number  of  bits  of  precision  in  phase  shift 
required  and  whether  amplitude  control  is  also  needed. 

1.2  Satellite  Communications 

Most  current  satellite  communication  systems  use  a  single  global  beam  to  cover  the 
earth's  surface  from  geosynchronous  orbit.  This  is  obtained  from  a  single  radiating 
aperture  such  as  a  parabolic  reflector  or  a  horn.  The  limited  channel  capacity,  and  in 
the  military  context,  lack  of  security,  of  global  beams  has  led  to  the  need  for  systems 
which  can  provide  multiple  beams  on  the  earth's  surface^®'.  For  the  enormous  market  of 
communication  with  low  gain  mobile  terminals  on  land,  sea  or  air,  future  satellite 
systems  will  have  to  produce  high  gain  agile  beams.  The  satellite  antenna  will 
therefore  have  to  use  phased  array  concepts,  either  in  the  primary  radiating  aperture  or 
in  the  feed  for  a  reflector  imaging  antenna  system.  Phased  array  apertures  are  already 
at  advanced  stages  of  development,  for  example,  in  the  DSCS  III  military  satellite  and 
the  ESA-sponsored  Multi-beam  Array  Model  civil  communications  project^^'. 

Signal  distribution  requirements  are  similar  to  those  in  radar.  Active  array 
concepts  are  particularly  favoured  because  of  the  limited  and  gradual  degradation  in 
performance  as  components  fail.  Many  performance  aspects,  such  as  good  i nter -modulat ion 
performance,  are  more  readily  achieved  by  distributing  lower  power  r.f.  amplifiers  over 
the  radiating  aperture  rather  than  passive  distribution  of  power  from  a  single  high 
power  TWTA.  Since  too,  communication  channels  are  usually  assembled  at  baseband  or  i.f. 
into  groups  for  a  particular  beam,  there  is  significant  benefit  in  using  i.f. 
beamforming  systems. 

Thus,  an  on-board  satellite  communications  antenna  of  the  future  might  typically 
require  r.f.  signal  distribution  to  individual  array  elements  at  the  mW  power  level  with 
phase  and  amplitude  stability  of  a  few  degrees  and  few  tenths  of  a  dB.  Common 
frequencies  at  present  are  1.5  GHz,  7/8  GHz  and  12/14  GHz,  with  systems  usually 
requiring  only  a  few  per  cent  r.f.  bandwidth  for  the  separate  transmit  and  receive  bands. 
However,  interest  in  the  20/30  GHz  and  44  GHz  bands  is  increasing  rapidly.  The 
beamforming  system,  if  of  the  i.f,  type,  would  need  to  operate  at  a  frequency 
sufficiently  high  to  cover  the  transmit  or  receive  band;  because  of  the  requirement  for 
full  duplex  working,  separate  transmit  and  receive  beamformers  would  normally  be  used. 


In  the  transmit  mode,  the  r.f.  feed  to  each  amplifier  in  the  array  aperture  needs 
to  be  at  a  level  of  at  least  some  milliwatts,  otherwise  the  amplifier  gain  to  achieve 
output  power  at  the  tens  or  hundreds  of  watts  level  becomes  inconveniently  high.  To 
some  extent,  the  level  of  the  input  signal  is  limited  by  the  output  power  capability  of 
a  single  reference  source  solid-state  amplifier  divided  by  the  number  of  individual 
array  element  power  amplifiers  to  be  fed.  (Fig.  1). 

Stability  of  the  transmit  frequency  is,  of  course,  of  prime  importance  particularly 
with  regard  to  coherent  processing;  a  typical  modern  radar  would  be  expected  to  have  a 
carrier  signal-to-noise  ratio,  S/N  -^130  dB  in  1  Hz  bandwidth.  To  achieve  low 
sidelobes,  which  is  currently  important  for  lowering  the  probability  of  intercept,  good 
control  of  phase  and  amplitude  over  the  array  aperture  is  necessary. 


Fig.  2  RMS  Sidelobe  Level  as  a  Function  of  Number  of  Array  Elements 
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Fig.  2  shows  typical  tolerances  on  these  quantities  for  given  achievable  sidelobe  levels 
and  array  dimensions. 

Currently  the  typical  radar  signal  r.f.  tunable  bandwidth  is  of  the  order 
of  10%  to  provide  frequency  agility,  but  future  systems  may  require  even  greater 
bandwidths,  possibly  up  to  an  octave. 

Thus,  a  typical  requirement  for  a  future  array  r.f.  distribution  manifold  might  be 
to  deliver  to  some  hundreds  of  output  ports  a  signal  at  the  10  mW  level  with  S/N  'v  130 
dB  (1  Hz  BW)  and  long  term  stability  of  10®  and  0.5  dB.  The  severity  of  this  task  is 
naturally  also  a  function  of  the  radar  frequency  which  would  most  likely  lie  within  the 
1-18  GHz  range  at  present,  with  a  preponderance  towards  the  1-5  GHz  band  of  frequencies. 

In  the  receive  mode,  the  r.f.  manifold  may  be  used  to  combine  the  signals  from 
array  elements  or  sub-arrays  to  a  single  output  port,  or  several  beam  ports  in  the  case 
of  multiple-beam  arrays.  Alternatively,  it  may  be  used  to  distribute  the  local 
oscillator  signal  at  constant  phase  to  each  element.  It  is  in  receive  mode  that  high 
dynamic  range  becomes  a  key  requirement  of  the  signal  distribution  path.  A  typical 
radar  receiver  output  before  processing  may  have  to  encompass  signals  over  a  dynamic 
range  in  excess  of  100  dB.  In  individual  outputs  of  elements  or  sub-arrays  in  an  array 
radar,  the  dynamic  range  requirement  of  each  path  in  the  manifold  is  reduced  in 
proportion  to  the  number  of  elements,  but  still  represents  a  very  large  dynamic  range. 
The  phase  and  amplitude  stability  requirements  of  an  r.f.  manifold  in  receive  mode  are 
likely  to  b*^  more  severe  than  in  transmit  mode  due  to  the  need  to  obtain  very  low 
sidelobes  and  thereby  reduce  the  susceptibility  to  jamming.  For  this,  and  in  order  to 
implement  adaptive  nulling  of  interference  sources,  as  will  undoubtedly  be  required  in 
all  future  military  radars,  tolerances  may  become  as  tight  as  1®  and  0.1  dB.  A  typical 
future  system,  if  it  used  an  r.f.  manifold  on  receive,  would  have  low-noise  amplifiers 
at  each  element  or  sub-array  to  define  the  system  noise  figure  (Fig.  3).  Thus  a  certain 
amount  of  loss  in  the 


Neumann  made  an  imjeriecus  "emergency  invention",  which  is  now  called  "von  Neumann’s 
bottleneck";  certainly  an  unfair  expression,  because  without  that  bottleneck,  it  would 
have  been  difficult  for  the  electronic  computer  to  get  off  the  ground.  The  unfairness 
inherent  in  the  expression  "bottleneck"  is  even  more  apparent,  if  one  remembers,  that 
von  Neumann  also  had  the  idea  to  use  electromagnetic  radiation  instead  of  electrons  as 
inforniat  ion  carriers. 
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SUMMARY 

The  paper  outlines  the  signal  distribution  and  control  requirements  of  some  typical 
advanced  radar  and  satellite  communication  systems.  These  involve  the  ability  to 
handle; 

(a)  r.f.  reference  signals  at  frequencies  up  to  at  least  20  GHz  with  high  stability 
and  signal-to-noise  ratio. 

lb)  i.f.  signals  of  large  dynamic  range,  typically  at  least  70  dB,  with  relatively 
high  fractional  bandwidth. 

(c)  digital  control  commands  at  the  Mb/s  level. 

A  number  ol  research  teams  have  investigated  exciting  and  elegant  possibilities  for 
the  use  of  optical  frequencies  as  carriers  for  this  signal  information  and  its 
processing.  However,  many  schemes  proposed  have  not  been  fully  assessed  in  terms  of 
realistic  system  requirements  which  place  severe  constraints  on  noise,  stability  and 
dynamic  range.  The  paper  reviews  much  of  the  current  work  and  attempts  to  put 
possibilities  into  perspective,  taking  account  of  the  practicalities. 

Results  from  experiments  at  UCL  on  phased  array  radar  signal  distribution  and 
satellite  beamforming  systems  using  optics  are  given  to  illustrate  the  principles  of 
optical  signal  distribution  and  i-ontrol. 


1.  INTHODUCTION  TtJ  .SYSTJ-M  KK'JUI  HKMKNTS 


1 .  I  Rada  r 

Radar  systems  hav>-  pi  i>gr*-'ssed  s  ubst  ant  i  a  1 1  y  in  tf.e  last  few  years.  Phased  arrays, 
such  as  the  Hughes  "  F  i  r^*!  i  nder  "  '  ^  ,  the  Marconi  "Ma  r  t  el  lo"  ^  the  Plessey  AR320^J^ 

are  in  producfion  for  'racking  an-.J  surveillance  applications.  Multiple  beam  formation, 
as  used  in  "Martello",  shows  t  h*.*  importance  of  advanced  signal  processing  in  modern 
radar  and  the  need  to  acces.s  individually  a  large  number  of  parts  of  the  array  aperture 
(individual  'Elements  ur  r»ub-a  r  rays  i  .  Solid-state  radars  such  as  the  GE592^^^,  the 
West i nghous<’  2000^^^  and  newer  Marconi  "MartelVo"  versions  reduce  the  need  for 
distributing  large  amounts  of  r.f.  pow*-.r  to  the  array  aperture  through  the  use  of  power 
amplifiers  behind  the  aperture  itself.  Thus,  it  is  likely  that  a  majority  of  future 
array  radars  will  only  require  relatively  low  level  signal  distribution  to,  and  return 
from,  the  aperture.  However,  this  signal  distribution  channel  must  allow  the  passage  of 
r.f,  signals  with  high  amplitude  and  phase  stability  for  the  transmit  and  receive  mode 
or  local  oscillator  signal  for  receive  downconvers i on ,  for  i.f.  return  signals  with  high 
dynamic  range  if  downconversion  at  each  element  occurs,  and  for  baseband  signals  to 
control  phase  and  amplitude  at  active  modules  in  the  array  aperture. 


A"av  Ilempnis 


'•ouf'.e 


Fig.  1 


R.F.  Manifold  for  Active  Phased  Array 


DISCI  SSION 


S.A.t  ollins.  Jr.,  rs 

\V  lialS  >iHJr  iiiisv^ei  lo  ihc  i|i]cstuiii  ol  residue  unlhmelie  and  division'.’ 

Author's  Reply 

There  are  several  things  I  didn't  mention.  Y  ou  can't  do  the  division.  It  turns  out  the  only  thing  you  need  to  do  in  some  of 
these  problems  is  normalization  of  some  sort,  that  can  be  done  by  eompuling  the  reciprocal  and  then  multiplying  by  the 
stored  reciprocal.  You're  right  —  it's  a  problem  for  residue  arithmetic.  There's  another  problem  with  the  deformable 
mirrors  tind  that's  representing  negative  numbers;  it  arises  becai  se  intensities  arc  used  for  performing  multiplication.  If 
m  this  sort  of  probler  ,  .irns  out  that  you  can  arrange  it  so  that  one  of  the  things  that  you  are  multiplying  by  is  always 
positive,  you  can  do  the  negative  products  lirst  and  then  do  the  positive  products.  That's  messy  and  that's  another  area 
that  needs  some  attention  paid  to  it.  exactly  him  to  do  it 


I.P.Dakin,  I  k 

<  ould  Sou  perhaps  discuss  the  potential  problems  of  diflraction  limitations  of  deformable  mirrors  and  also  the  optical 
loss  problems  in  g.iine  through  iterations  in  the  system,  please  ’ 

Xiithor's  Reply 

VV  ell.  Till  not  .in  expert  on  the  des  icss  I  think  on  the  diffraetion  thing  you  need  to  look  at  the  references.  1  have  one  in 
die  (i.iper  (also  see  '.Ads.imes  in  ( Ipiical  Inlorntaiion  Processing."  by  Dennis  Pape  and  l.arry  Hornbcck.  SPIE  388.  Jan. 
I  us  ''  I  e  leel  lli.it  s  m.in.igeable,  tli.it  s  noi  going  to  be  a  problem.  Your  cither  question  on  optical  loss  problems:  well, 
it  xou  iioiiee  111  that  loop  Tin  using  some  electronics  so  I'm  not  losing.  Tm  putting  power  back  in  in  the  electronics.  But  if 
I  «,is  irxiiig  to  do  die  whole  dune  optically  that  could  get  to  be  a  problem:  you  know  you  need  optical  amplification  in 
III, It  e.ise  When  I  go  through  ili.ii  modular  eireuit.  that's  electronics;  so  it's  generating  power. 


I.W  .Vlaekintnsh.  I  k 

(  ould  yo:i  eommeni  on  die  potential  reliability  ol  the  device  perhaps  measured  in  the  total  number  of  deformations 
possible  on  anv  one  element'' 

kuthur's  Reply 

I  io  xiHi  iiic'.iii  reli.ibility  m  time  or  in  the  number  of  deformities  in  the  initial  device'.’ 


I.W.VIjckintosh,  I  K 

W  ell.  ultimatelv  oxer  its  lile  you're  going  to  expect  todcT  rm  any  one  element  a  certain  number  of  times.  Can  you 
comment  on  xsli.it  that  is  likely  to  project  to'.’ 

Author's  Reply 

This  IS  still  very  much  an  experimental  device,  and  I  hope  I  didn't  give  the  impression  that  these  are  available  off  the 
shelf  There  are  some  I  J.S  by  I  2d  tirrays  that  are  being  experimented  on.  What  is  being  worked  on  now  is  a  small  part  of 
a  larger  array  to  show  the  density  and  the  addressing  can  be  done  for  the  larger  array.  People  have  built  these  devices  in 
the  past  on  several  occasions  —  IBM.  Westinghouse  —  and  at  that  lime  the  technology  wasn't  available  to  place  all  the 
addressing  eireviils  in  such  a  small  region  the  size  of  the  mirror.  Some  changes  in  the  technology  and  some  ideas 
developed  at  T.l  have  made  it  possible  to  prixluce  the  device.  I  think  being  a  silicon  based  device  —  well,  1  don't  know 
how  consistent  —  for  this  sort  of  compulation  I  am  doing  here,  if  it  changes  in  time  it  is  probably  possible  to  read  what., 
you  could  do  a  test  on  the  ilevice  and  determine  its  sensitivity  —  the  brightness  relative  to  the  voltage  that  has  to  be 
applied  and  then  make  the  correction.  You  know  I  am  using  electronics  to  provide  the  inputs,  so  I  am  essentially  using  a 
stored  curve  for  the  transducer  elements  But  I  really  don't  have  a  giKxl  feel.  The  feeling  is  that  the  thing  should  be 
pretty  good,  but  1  don't  have  any  figures  on  it. 
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numDers  back  to  decimal  is  not  reouirei  jnt.l  rnese  iterations  n:r/r  : ee 
completed.  For  the  1  billion,  operation  per  second  macnine.  vitn  :  y  : ;  :  c 
reduction  applied  twice,  this  .r.volves  apprtix  ima-e  ly  6000  1 1  e  r  at  .  :n,  s  . 

Consequently,  it  takes  approximately  48  seconds  to  solve  the  equations  for  a 
problem  of  mesh  size  500  by  1000.  Therefore,  tne  conversion  time  is  ne-;  1  .  gr- e . 


CONCLUSION 


A  relatively  simple  optical  computer  was  <ies-  ribed  vnich  is  :api:  .e  ..i 
performing  one  billion  operations  per  second  v.tn  bit  da^'a  :  r  r  rr  i  r-.-,  • 

neighbor  computations.  It  assumes  the  availability  of  deformaole  m.rrur  lev.  es 
having  1000  by  lOOC  eiemen’rs  which  can  be  se-  in  8  mse  onds.  A  s.'-i/.-^ 
virn  two  deformable  mirror  devices,  one  CCD.  and  some  s.rro.e  e.e;'r.''.  , 

operates  at  15.6  million  operations  per  second.  Higher  perforn.an:e  is  a  r..eve: 
by  duplicating  this  equipment  oecause  the  nearest  neighbor  a.nd  res..;:ue 
concepts  permit  perfect  parallel  efficiencies.  The  matrix  operat.ocs  . 'a ' 

the  romputation  because  overlapping  of  other  opera*:  ions  is  poss.ble  cy  alg  -r. 

.mod  1  f  1  cat  ion  . 
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Nearest  ne i qhbor  finite  element  computat ions 

Squarions  for  solving  finite  difference  and  finite  element  problems  w:‘.h 
regular,  or  distorted  from  regular,  grids  can  be  formulated  by  replacing  the 
derivatives  by  difference  operators.  Assume  a  grid  imposed  on  the  field  with  k 
a  north-south  index,  increasing  in  the  south  direction,  and  m  an  east-west  tme, 
increasing  to  the  east.  Tne  overreiaxat ion  algorithm  for  updating  the  k,m  th 
value  at  the  ith  iteration  in  solving  an  elliptic  partial  differential  equat  .or. 
with  a  four  point  difference  operator  is, 

(k^***)  ^  (i) 

The  coef  f  icients  "a  have  been  scaled  by  the  overreiaxat  ion  coefficien*.  f  i  k  ,  t,  > 
represents  load  that  is  applied  across  the  grid.  Equation  (3)  is  . mp  1  emer. t ec 
most  efficiently  by  means  of  a  nearest  neighbor  computer  such  as  the  one 
described.  The  field  u  is  maintained  positive  and  the  whole  comp, ta*:  ion  mus^  be 
performed  for  positive  number  coefficients  and  negative  nuniber  coe :  f :  :  i  e  n  *.  s 
separately,  as  mentioned  previously.  The  field  u^‘’(k-l,m)  is  placed  on  DMD  2, 
displaced  in  the  south  direction  by  one  row  as  suggested  by  the  k- 1  index,  and 
the  coefficients  a,(k.m)  for  the  north  direction  are  set  on  DMD  1.  The  result 
of  element  by  element  multiplication  is  accumulated  on  the  CCD.  Tne  field  for 
u'‘''(k+l,m)  is  now  set  on  DMD  2,  displaced  by  one  row  north,  and  the  coefficients 
a^(k,m)  for  the  south  direction  are  set  on  DMD  1.  This  process  is  repeated  for 
east,  west,  load  and  previous  iteration  field,  while  the  CCD  accumulates  the 
results.  The  convergence  of  this  approach  will  be  slower  than  that  for  a  ser.al 
machine  unless  a  red-black  or  odd-even  approach  is  used,  II).  In  this  case,  the 
grid  is  divided  into  red  and  black  nodes  to  Iook  like  a  checker  board.  The  red 
points  are  updated  in  one  iteration  and  the  black  on  the  next.  Parallelism  ;s 
lost  unless  the  CCD  is  read  out  on  each  iteration  and  the  problem  mesh  is  tv:  e 
that  previously  used. 

Nearest  neighbor  image  £rocess;ng 

The  machine  is  most  efficient  for  operators  that  are  local  .n  “a*  ,re. 

Several  applications  were  proposed  in  reference  1,  such  as  3  by  j  ma'r.x 
filtering  and  averaging  over  pixel  neighbors  to  compensate  for  pixel  drjp  o,*. 

3  by  3  filters  are  commonly  used  for  such  processing  as  edge  enhanceme.ct  .  Sc-- 
that  the  3  by  3  filter  is  applied  s  imul  t  ane  :ius  1  y  across  the  whole  picture  a- i 

may  vary  from  one  point  to  another.  Image  filtering  tha‘  involves  cm:' .  ■  .  c.;  f 

value.s  at  distances  greater  than  the  nearest  neighbor  can  be  performei  by  meejns 
of  several  iterations. 


PERFORMANCE 


DMD's  having  1000  by  1000  elements  are  anticipa*-ed  in  the  next  few  years. 
The  performance  of  the  proposed  system  wi*n  such  a  device  is  considered.  The 

time  to  set  the  device  in  parallel  is  ass^mei  to  be  8  msec.  Assuming  a  moduli 

set  of  size  8  in  order  to  produce  a  32  oit  machine,  the  DMD’s  can  process  ai 
array  of  size  125  oy  1000.  125k.  IOC  l'.;m.*^ers  are  multiplied  with  the 
mat r  i  X -mat r i X  element  multiplier  .n  3  mseconds,  correspond i nq  to  a  rate  of  15.6 
million  operations  per  second. 

The  overall  speed  need  not  be  much  slower  than  'he  matrix  co'i  c  ut  at  lon  time 

if  sufficient  parallel  electronics  is  used  in  the  iteration  loop.  Perfect 

parallel  efficiency  is  possible  because  tne  modulo  operation  is  completely 
.ndependent  for  every  vaii.e.  It  is  possible  to  apply  a  further  ;vcle  of  cyclic 
reduction  to  the  red-bla  x  algorithm,  that  is  take  the  red  points  a:.l  imp-'se  a 
further  cneckerboard  on  '  nen  and  repeat  thi  --  with  the  bla-t  po.nts.  Tnis  pe.‘mi’:s 
'he  modulo  operation  on  one  set  of  field  values  to  occur  in  parallel  with  the 
_a  i  f'j  1  at '  on  of  anoth*^!'  se*:  .  i2'^>.  This  would  be  efficient  for  prc-blem.  meshfr-s 

that  are  twice  as  large  again.  One  circuit  has  to  perfoiM;  ihO'D  module 
operations  in  6  mse  ■  r,  is  tor  respond i ng  to  a  rate  ot  125  kHz,  if  'here  .s  an 
elec'roni.;  circuit  for  ear.  row  of  the  CCD.  Floating  point  caoat' .  1  1 1  y  is 
desiraole  and  this  has  not  yet  beer,  explored  for  this  processor,  (28). 

I'  IS  possible  'u  intreas*^  the  macnine  speed  to  1  billion  opera*  .ons  pec 
se-.-'ond  by  simply  duilica'ing  'he  equipment  for  each  residue  nu.iib--'r  m.-i-.ius  x6i 
and  for  ea^n  of  the  eig:'  sums  performed  in  a  finite  element  prut^l'^n 
triangular  elements  '  x8  '  .  The  multiplications  for  the  nearer.*  ne.gbcr 
tomputation  for  differer*  Jire-'ions  may  be  performed  in  parallel  with  per*e.* 
efficienr-y  as  sugges'-^i  in  r»^f  e:  1.  The  advantage  of  the  res.i.*^'  r.  cml  e  r 

system  is  'hat  ea^-’n  of  the  co<i»  elemer's  may  oe  tre.jted  completely  i  ndepend-^n' 1  y 
providing  perfect  parallel  efficiency.  1 . 2  N  log  N  itera'ions  of  the 
algorithm  are  required  for  an  N  oy  N  grid,  (2M.  Conversion  of  the  residue 


U 


point  I  FT  piane^  to  filter  out  low  spatial  f  requer-.r  i  es .  The  stop  is  -'.r.ular 
for  a  deforinabie  membrane  device  and  a  ;ross  for  a  lar^ti  lever  beam  defornaoie 
mirror.  The  same  lens  perforns  the  imaqinq  of  the  array  of  dots  reinainincj,  the 
dots  havinq  intensities  dependent  -jn  the  mirror  deflections. 


There  is  a  nonlinear  relation  betwe-^-:  the  voltage  applied  to  a  drain  lire 
of  the  DMD  ano  the  intensity  of  tne  spi.-*  ima-jed  on  the  CCU.  A  look  jp  taole  is 
used  to  convert  data  values  to  voltage  so  as  to  provide  linear  intensity  of 
spots  with  da'^a  values  for  .mu  1 1  i  pi  i  ca  t  i  c.-n  ,  As  explained  in  reference  il>,  only 
positive  values  may  be  multiplied  with  an  incoherent  light  source.  In  the 
'jperations  of  interest  only  one  operand  will  be  negative,  consequer  t  1  y ,  the 
mu  1 1  :  pi  1  ca  ’  lon  is  separated  into  two  parts,  that  involving  negative  numners 
'hat  involving  positive  nunrers.  The  answers  are  known  to  oe  negative  and 
po.sitive  respectively. 

A  matrix  with  elements  a—  is  entered  on  DMD  1  and  a  matrix  with  elements 
o  ^  IS  entered  on  DMD  DMD  1  is  then  imaged  on  to  DMD  2  and  the  result 

.mated  on  to  a  CCD.  An  element  of  the  resulting  matrix  c  is  the  product  of 

tr.e  two  elements  in  the  same  ma'rix  loca''-ion  in  the  two  matrices, 


element  pr<-'du<*ts  of  other  matrices  may  oe  added  to  the  result  because  of  the 
'line  Integra' iHg  properties  of  the  CCD.  However,  the  number  of  ma  t  r  i  x -ma  t  r  i  x 
el'iment  prod  .rrs  that  may  oe  added  is  limited  by  the  dynamic  range  of  the  CCD. 


Mod u I o  o^erajr  ion 


Multiplying  and  adding  numbers  in  a  resid-e  number  system  will  generate 
some  numbers  that  exceed  the  modulos  for  the  number  system.  The  maximur.  number 
for  a  relative  prime  number  in  the  moduli  set  is  approx : ma t e 1 y  4  times  the 


product  of  the  relative  prime  number  in  the  case  of  a  4  point  fini* 
scheme.  Consequently,  it  is  necessary  to  reduce  these  numbers  ba'; 
appropriate  ranges  for  the  number  system.  Assume  a  modulo  set  m, 
that  the  re.sult  of  a  computation  for  •’he  ith  member  of  the  set  is 
this  opera’- .on  corresponds  'o  computing  residuals, 

(2.  .  s  -x  .  —  r\  -  rTi 


d I f  t erence 
i n t  3  the 
,  1  =  1 , M  and 
.  then 


(O 


w  ere  n 


IS  the  numoer  of  tines  that  x 


IS  divisible  by  m 


Figure  o  snows  methods  of  perforiving  the  modulo  function.  Figure  b‘a'  is 
.jn  analog  syste.m  in  which  the  voltage  representing  intensity  from  the  CCT'  in  the 
,r.at  r  1 X  mat  r .  X  element  mul'iplier  is  used  ta  controL  the  length  of  time  for  which 
a  saw  tooth  generator  runs.  The  r.e.jht  of  the  waveforn  cor re.sponds  to  the 
relJt.ve  prome  namber  in  the  .moduio  set.  The  generator  signal  is  shaped  to 
-ompensate  for  the  nonlinearity  of  the  DMD,  as  described  earlier.  The  height  of 
'  he  generator  voltage  signal  when  the  tuner  s'witches  off  represents  the  .moduloed 
/alut^  or  residue  for  the  speiific  rei.arive  prime  number.  Figure  6(b)  shows  a 
iigitai  mtiiilo  system  which  is  likely  to  be  more  expensive.  A  14  bit  analog  to 
i.^ital  tohver'or  is  required  to  cope  with  the  largest  number  which  may  arise  in 
element  computations  with  triangular  elements.  The  look  up  table 
provides  the  corresponding  moduloed  digital  number  adjusted  to  compensate  for 
‘he  DMD  non  .  i  nea r  i  t /. *  Another  method  of  performing  this  is  shown  in  reference 
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j '  Ana  log  ' b)  Digital 

I- 1  g .  b  electronic  m-Oj.)  and  ^nape  rircuits 
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1  ^-4 


:nodu'i  sei  and  keepinq  re"'..i  i  ade .  7 

nas  a  re:nainder  ot  1,  ^  J:  vidpc  jjy  4  ^^2 

a  remainder  or  2.  Sin.ilarly  3  r>e  ■:''n\es  (0,3,3). 

'  1*0,  2*3),  wp.-.l"  the  pr-.dii,-*  3  hr 

resj^.s  may  exceed  7he  mc'da!.!  valces  and  each  term  has  to  he 
the  correct  raaqe  sepa  ra*:  e  7y .  Th-js  tne  son  (1,6,5)  be  :•  r 

0.1,1'.  I  refer  to  this  as  a  modulo 
be'veea  ei^me.f  s  or  the  rode. 


becomes  (1,3,?'  be  at 
a  remainder  ot  3  and 
Tne  son:  7 
i  the  code  iv 


3  It 


ranqe  set 

orodurt  (0,9,6)  be  tomes 
that  no  ^arries  were  re^.;.re-i  r 
arithmetic.  This  enaoles  paralU 
required  for  carries.  It  is 
■  onp 1 e 1 1 ng  the  comput a t i on . 
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The  first  reason  for  usinc  RNS  ra-.her  than  i.qital  xultipli 
tonvolution  or  some  other  ‘ethnique  ex*end  -.iyna'’iic  ratqe  1 
use  the  dynamic  ranqe  already  available  in  the  DVI)  r.-j  redu-.  e  t  n^» 
elements  required  to  represen*  a  number.  3  c : * s ,  available  o 
numcers  up  to  2**5  =  32  for  ea-.n  the  cod*^  n'i.-h»^rs  in  the  res. 
Consequently,  numbers  may  be  re;:resen*ed  n  a  re.s;due  number  sv.i 
X  1  3  X  17  X  19  X  2  3  X  29  X  3  1  =  6  .'^  x  10**9  wni-h  is  greater  tha 
3  relative  prime  numbers  require  3  elements  of  the  3MD  as  dist. 
would  be  required  for  a  32  bit  binary  convolver.  The  incorp' 
residue  number  code  into  a  vector  for  processing  is  illustrated 


in  r  1  4 u :• 


Secondly,  the  residue  number  approach  permits  numbers  to  be  muitipiied  ir  a 
straight  forward  manner  by  imaqinq  light  from  a  DMD  element,  set  by  the  firs* 
)perand,on  to  a  se'rond  DMD  ele'’ent,  set  by  the  second  operand.  The  n.,r.'.ers  cj' 
t’f  the  matrix  element  multipier  are  .moduioed  back  to  the  relative  pri.-’e  nunr*-,-., 
for  the  moduli  set  selected.  N'o  oi'her  operations  are  required  with  reside^ 
numbers  beca’..>se  they  may  be  pr-."  ^sse-.i  i  rdepende.nt  1  y  of  eacii  other.  In  ras* 

*he  systolic  acousto-opt  i  c  bina.'*y  jonvolver  (15),  involves  more  ccnplexity.  :* 
requires  conerent  light  and  high  frequencies  to  drive  the  acousto- apt i:  :ei.. 
It  requires  a  sequential  shir*  and  add  after  moduloing  the  nun-b*^rs  ra.'< 
oinary,  tolbnw'.ng  a  compu*.  at  ion .  This  is  a  oottlene;x  whi:h  res*ri.'r:.  *  '.- 
japab'.iity  of  the  optics. 

Outer  prr;duct  multipliers,  (2c-, 24, 26).  req..ire  '/ery  laroe  ivna;" .  :  ra".'.:e  :  ' 

the  receiving  rime  integrat  ion  device  and  this  is  a  major  lim.ta*icr..  ;• 
add  i  r  1  on  .  the  idea  of  using  binary  numo*^rs  in  a  32  bit  '3u»'ei*  pro-d.,-:*  r  i .  *  1 1' 1  ;  o  ; 
IS  also  -•••jirpl  i  cat  ed  be.ause  it  requires  th'*  jd:i':i<.'n  of  the  diaocij'.  el*''‘T:  'o 
for  each  32  by  32  subniatrix,  '25).  This  involves  extracting  and  adding  many 
sets  of  32  numbers.  This  ccmpl  i'-at  ion  is  totally  <3voided  oy  using  residue 
numbers . 

Ma -  r  1  x_mat  r  i  X  elem^t  mul_tiplier 

r'igur>^  5  shows  the  mat  r  i  x  ■  mar  r  .  x 
.ma-qe  DMD  i  on  to  DMD  2.  It  is 
rem-nve  the  reflection  from  ina-ctivatec 
oe '  ween  el emer. t s . 


This  is  acfomr>lisr 


t  :ru  .  *  I  ft  4  le  r  .  A  lens 
•iarv  to  use  S-.hiieren  t 
jrs  and  from  the  :lat  ;i 
bv  oiacinq  a  stoo  at 
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Fig.  10  Ratio  of  R.F.  Power  at  Manifold  Input  to  R.F.  Power  at  Array  Element 
Input  as  a  Function  of  Number  of  Array  Elements. 

A:  Fibre  Optic  Network 
B:  Coaxial  Cable  Network 
( typical  values) 

A  fibre-optic  link  has  been  used  to  demonstrate  the  provision  of  the  r.f.  input 
signal  to  a  3  GHz  phased  array  moduie^^^^.  For  this  module,  an  input  signal  was 
required  at  a  10  mW  level  to  drive  two  mixers,  one  associated  with  the  transmit  section 
phase  locked  loop  control  and  the  other  with  the  receive  section  downconversion.  The 
laser  output,  modulated  at  3  GHz,  was  detected  in  the  module  and  amplified  to  the  10 
level  in  an  FET  amplifier. 

The  single  fibre  optic  link  for  remote  positioning  of  a  radar  receiver  becomes 
attractive  when  the  distance  involved  exceeds  some  tens  of  metres  and  when  the  dynamic 
range  allowed  by  the  attainable  S/N  in  the  required  bandwidth  is  acceptable. 

3.2  Phased  Array  Radar  Calibration  Systems 

An  important  aspect  of  phased  arrays  is  their  calibrat  and  monitoring.  With  the 
severity  of  future  phase  and  amplitude  control  requirements,  it  is  unrealistic  to  expect 
that  active  array  modules  may  be  totally  under  open-loop  control?  some  form  of  regular 
in-built  calibration  and  monitoring  scheme  will  be  required.  Such  a  scheme  (Fig.  11)  / 


control 

loop 


Fig.  il  y’has«*d  Array  Calibration  and  Monitoring  through  Control  of  Phase  ao'’ 
Amplitude  Trimmers  in  Each  Element. 

FF  =  Far  Field  Probe 
-  Near  Field  Probe 
HA  ^  Behind  Aperture  Probe 


requires  injection  of  a  calibration  signal,  either  from  a  far-field  source,  a  near-field 
source,  or  a  probe  in  each  array  element  aperture  region.  Calibration  signals  passed 
through  the  beamforroer  may  be  compared  with  the  reference  in  a  phase/ampl itude 
discriminator  on  an  element -by-element  basis  and  control  signals  derived  to  ad3ust  phase 
and  amplitude  trimmers  in  each  element.  The  accuracy  of  the  system  depends  on 
discriminator  accuracy,  control  loop  accuracy  and  signal  injection  accuracy,  the 
last-mentioned  being  the  most  difficult  to  achieve;  a  conventional  r.f.  manifold  to  feed 
a  reference  signal  into  each  element  would  suffer  from  temperature- i nduced  and  other 
path  length  errors  and  would  severely  limit  calibration  accuracy. 

It  is  therefore  proposed  that  an  optical  fibre  manifold  could  be  used  in  this 
application.  Use  is  then  made  of  the  high  insertion  phase  stability  of  this  manifold 
and  a  single  reference  signal  is  distributed  to  many  photodetectors  feeding  small  probes 
or  other  suitable  r.f.  signal  injection  couplers  (Fig.  12).  The  relatively  low  lev*?]  of 


Fig.  12  Fibre  Optic  R.F.  Manifold  with  Photodetectors  for  Array  Calibration 

r.f.  signal  produced  at  each  detector  in  such  an  optical  scheme  is  now  not  a  difficulty 
since  the  array  receiver,  which  is  part  of  the  system  to  be  calibrated,  provides 
adequate  gain. 


4.  IF  AND  BAShBAND  SIGNAL  DISTRIBUTION 
4.1  Phased  Array  Radar  l.F.  Links 


The  concern  in  this  application  is  with  the  transmission  of  relatively  low  level, 
high  dynaiTiic  range  signals  back  to  the  central  processor  from  array  elements  after 
downconversion  to  i.f.  at  a  typical  frequency  of  70  MHz. 


Since  signal  bandwidths  may  be  10  MHz  or  higher,  digital  techniques,  which  would  be 
the  most  common  for  optical  links,  imply  very  high  processing  rates.  For  approximately 
7U  db  dynamic  range,  12-bit  digitisation  would  be  required  at  a  digitisation  rate  of  at 
least  20  MHz.  This  is  very  much  at  the  limit  of  current  technology,  so  analogue 
techniques  would  be  the  obvious  choice.  A  natural  start  would  be  to  consider  the  use  of 
amplitude,  or  more  strictly,  intensity  modulation  of  the  optical  carrier,  followed  by 
baseband,  or  square-law,  detection  in  a  simple  photodetector.  Using  the  basic 
principles  outlined  in  Section  2.3,  and  presented  graphically  in  Fig.  13,  it  may  be  seen 


Pig.  13  lypiral  S/N  Performance  of  PIN  Photodetector  and  Amplifier 


that  a  typical  detector  will  only  achieve  a  value  S/N  ~  60  dB  in  10  MHz  bandwidth  at  an 
input  optical  power  ot  1  mW  -  a  value  close  to  the  point  where  saturation  of  the 
detector  occurs.  It  seems  therefore  that  some  60  dB  dynamic  range  in  10  MH  bandwidth  is 
the  maximum  that  can  be  expected. 

Frequency  modulation  techniques  involving  applying  the  signal  information  to  a  VCO 
C(.>ntroi  input  and  varying  the  modulation  frequency  of  a  laser,  followed  by  detection  and 
discriminator  action,  offer  slightly  higher  dynamic  range.  ^vith  wideband  f.m.  involving 
a  VCO  centre  t roquency  or  approximately  500  MHz,  some  70  dB  of  dynamic  range  for  signals 
ot  10  MHz  bandwidth  may  be  obtained. 

The  major  di  sad  .’antaget.  of  such  schemes  which  require  high  dynamic  range  from  small 
input  signals  is  tht  need  to  provide  very  considerable  amplification  in  each  array 
element  in  order  to  provide  the  required  high  level  of  optical  signal  power  at  the 
detector . 

4.2  I.F.  Beamformers 

As  .ndicated  earlier,  there  is  growing  interest  in  antennas,  particularly  for 
satellite  communications  applications,  that  can  produce  multiple  beams.  The  beamforming 
network,  if  used  in  transmit  mode,  must  take  a  number  of  signal  inputs  designed  to  be 
transmitted  on  particular  beams  and  provide  at  its  output  the  appropriate  coherent 
signals  with  amplitude  and  phase  relationships  to  form  those  beams  (Fig.  14).  At 
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Fig.  14  I.F.  Beamformer  used  with  Upconversion  to  Feed  Array  F.lements 


microwave  frequency  such  beamformers  are  usually  configured  as  complex  waveguide 
structures,  or  as  microstrip  Rotman  lens  structures.  For  large  numbers  of  array 
elements  cr  large  numbers  of  beams,  these  beamformers  become  very  difficult  to  realise 
and  beamforming  at  i.f.  using  resistive  matrices  is  usually  preferred  .  However,  such 
resistive  matrix  beamformers  are  limited  in  their  upper  frequency  of  operation  and  hence 
bandwidth;  a  maximum  bandwidth  of  10  MHz  is  typical.  They  also  suffer  from 
cross-coupling  between  ports  and  somewhat  marginal  performance  in  phase  and  amplitude 
accuracy  (eg.  5-10*^  and  0.5  dB). 

A  beamformer  based  on  the  use  of  optical  fibres  as  signal  delay  elemenfs^^^^ 

(Fig.  15)  to  create  the  required  phase  relationships  at  the  output  ports  appears 
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fig.  15  Optical  Fibre  Beamformer 

attractive  because  of  the  high  potential  phase  accuracy  and  wide  bandwidth.  The  fibre 
lengths  required  do  not  exceed  one  wavelength  at  the  operating  frequency  so  the 
beamformer  is  compact  and  of  low  mass.  The  attainable  phase  accuracy  is  limited  by  the 
accuracy  to  which  fibres  may  be  cut?  this,  together  with  the  frequency  response 
limitations  of  laser  diodes  and  detectors  limits  the  upper  frequency  of  operation. 

In  communications  applications,  intermodulation  performance  is  an  important 
consideration.  The  signal-to-third  order  intermodulation  ratio  S/I3  places  constraints 
on  the  operating  levels  of  components  in  the  signal  path,  such  as  laser  and  detector, 
the  former  usually  dominating.  The  overall  performance  of  the  beamformer  is  summarised 
in  the  relation  (expressed  in  dB): 

B  +  (S/N)  +  F  +  2Lex  +  20  logioNe  =  193  +  10  logRE  +  P0I3  "  (S/I3) 

where  (S/N)  is  the  desired  signal-to-noise  ratio  in  bandwidth  B,  P013  Is  the  third-order 
intercept  point  of  the  laser  optical  output  power,  F  is  the  noise  figure  of  the 
photodetector  and  amplifier,  Rg  detector  load,  Ng  is  the  number  of  elements  in 

the  array  and  Lgx  represents  optical  coupling  losses  (laser-fibre,  fibre-detector).  For 
B  *  50  MHz  and  (S/I3)  «  40  dB,  a  typical  system  with  some  20  array  elements  achieves 
(S/N)  30  dB,  which  matches  many  communications  requi remants . 

Experiments ^ )  have  verified  some  of  the  predictions  for  such  a  beamformer  and 
indicate  that  it  represents  a  very  real  advance  on  other  beamformers  for  a  number  of 
multiple  beam  applications.  Amplitude  control  of  signals  to  individual  array  elements 
can  be  provided  by  neutral  density  optical  filters  used  as  optical  attenuators,  but  a 
practical  problem  still  remains  in  finding  a  good  scheme  for  the  splitting  of  the  laser 
output  into  many  fibre  paths. 


5.  CONCLUSIONS 

Optical  techniques  offer  some  advantages  for  signal  distribution  and  control  in 
advanced  radar  and  communication  systems. 

They  are  clearly  ideal  for  transporting  microwave  signals  over  considerable 
distances,  as  in  remote  positioning  of  radar  receivers,  provided  high  dynamic  range  is 
not  required  and  an  enclosed  transmission  path  is  essential.  They  are  an  elegant  means 
of  distributing  low  level  r.f.  or  i.f.  signals  around  an  active  phased  array  where  these 
signals  are  of  relatively  constant  amplitude  (as  in  mixer  local  oscillator  applications). 
However,  there  is  currently  a  rather  restrictive  limit  on  the  size  of  distribution 
network  possible. 

They  are  obviously  suitable  for  distributing  digital  control  signals  to  phased 
array  modules  and  confer  considerable  immunity  to  interference. 

They  are  less  suitable  for  high  dynamic  range  signals,  such  as  the  received  radar 
returns,  either  at  r.f.  or  when  downconverted  to  i.f.  Future  developments  in  coherent 
optics  or  in  fast  optical  A/D  technology  could,  however,  influence  this  conclusion. 

Currently,  the  optimum  applications  for  optical  techniques  appear  to  be  in  i.f, 
beamformers  for  multi-beam  communication  satellite  systems  and  in  calibration/monitoring 
systems  for  phased  arrays. 
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P.T.tJardiner,  LIK 

You  mentioned  the  phase  insensitivity  of  the  fibres  due  to  temperature.  (  ould  you  eomnient  on  the  phase  sensitivity 
due  to  the  fibre's  sensiliv ity  to  strain  effects,  for  c)i;imple  in  vibration'.’ 

.Author's  Reply 

Yes.  the  effect  of  the  fibres  in  regard  to  strain  and  vibration,  one  could  think  in  a  similar  way  of  course  to  temperature 
effects.  Any  distortion  of  the  length  of  the  fibres  would  be  important  in  that  regard,  so  if  one  varied  the  length  of  the 
fibre  just  as  if  it  were  a  temperature  effect  one  would  indeed  sec  distortions  of  phase,  and  so  on.  Normally  the  libres  are 
very  goml  in  terms  of  their  response  to  strain  and  where  this  has  been  particularly  important  they  have  been  made  up 
into  cables  with  reinforcing  members,  .So  1  think  the  answer  to  your  question  is;  I  don't  think  there's  a  problem  there 
There  are  problems,  of  course,  with  regard  to  vibration  acting  as  a  modulation  on  the  fibre  if  you  are  worktng  w  ith  base 
band  signals.  We  are  here  working  with  signals  which  are  well  above  the  normal  range  of  vibration  frequencies:  we  are 
talking  about  well  above  a  megahertz  where  the  amount  of  energy  that  can  affect  the  fibre  in  terms  of  distorting  loads 
and  so  on  is  insignificant. 

S. Ritchie,  UK 

I  oneerning  your  heterodyne  technique,  would  you  like  to  say  anything  about  the  hnewidth  requirements  of  the  lasers'.’ 

Author's  Reply 

Of  course  it  is  vitally  important  in  such  a  system  that  the  intrinsic  linewidth  of  the  lasers  must  be  less  than  the  loop 
locking  bandwidth,  because  otherwise  the  loop  could  not  lock  up  Now  it  is  relatively  straightforward  to  attain  loop 
bandwidlhs  of  many  tens  of  megahertz.  The  current  system  which  we  use  has  a  loop  bandwidth  of  round  about  511  MHz. 
The  lasers  which  we  use  are  single  mode  lasers  which  have  a  line  width  of  the  order  of  a  Ml  Iz,  So  there  is  no  difficulty  in 
obtaining  a  locking  up  of  tfie  lasers  on  that  basis.  And  what  happens,  of  course,  in  the  phase  lock  loop  is  that  one  gets  a 
reduction  —  a  very  very  strong  reduction  —  due  to  the  loop  action  of  the  noise  close  to  carrier.  So  effectively  the  laser 
linewidth  is  narrviwed;  the  output  of  the  beat  frequeney  from  the  ileieelor  is  narrowed  from  the  basic  laser  linewidtlis. 
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SUMMARY 


A  major  limitation  to  achieving  significant  speed  increases  in  VLSI 
lies  in  the  metallic  interconnects.  They  are  costly  not  only  from 
the  charge  transport  standpoint  but  also  from  capacitive  loading 
effects.  The  Defense  Advanced  Research  Projects  Agency,  in 
pursuit  of  the  fifth  generation  supercomputer,  is  investigating 
alternatives  to  the  VLSI  metallic  interconnects,  especially  the  use 
of  optical  techniques  to  transport  the  information  either  inter-  or 
intrachip.  As  the  on-chip  performance  of  VLSI  continues  to  improve 
via  the  scale-down  of  the  logic  elements,  the  problems  associated 
with  transferring  data  off  and  onto  the  chip  become  more  severe. 
The  use  of  optical  carriers  to  transfer  the  information  within  the 
computer  is  very  appealing  from  several  viewpoints.  Besides  the 
potential  for  gigabit  propagation  rates,  the  conversion  from 
electronics  to  optics  conveniently  provides  a  decoupling  of  the 
various  circuits  from  one  another.  Significant  gains  will  also  be 
realized  in  reducing  cross  talk  between  the  metallic  routings,  and 
the  interconnects  need  no  longer  be  constrained  to  the  plane  of  a 
thin  film  on  the  VLSI  chip.  In  addition,  optics  can  offer  an 
increased  programming  flexibility  for  restructuring  the 
interconnect  network. 


NATURE  OF  THE  PROBLEM 

The  rush  to  pack  more  and  more  computing  capability  into  today's  electronic  systems 
will  soon  be  radically  slowed  unless  a  major  change  is  made  in  intra-computer 
communications.  Although  problems  exist  in  providing  communication  links  at  all  Levels 
of  computing  (from  chip-to-chip ,  through  board-to-board ,  and  on  to  machine-to-machine) , 
the  most  serious  limitations  are  seen  to  be  at  the  chip  and  wafer  levels.  Many 
conceived  algorithms  have  not  transitioned  into  architectural  implementation  because 
they  are  so  heavily  interconnect  dependent  that  the  necessary  LSI  or  VLSI  chips  would 
consist  mostly  of  interconnects.  Let  us  take  a  closer  look  at  the  origins  of  this 
interconnect  problem  (ref.  1). 

There  are  three  problem  areas  for  which  optics  can  significantly  impact:  increasing 
interconnect  delays,  increasing  requirements  for  the  number  of  interconne  ::ts ,  and 
increasing  effects  of  electromigration.  The  latter  problem  is  a  direct  result  of 
scaling  down  the  feature  sizes  in  order  to  decrease  the  channel  length  of  active 
devices,  thereby  reducing  the  switching  delays.  As  the  cross  section  of  the  conductors 
decrease,  the  probability  of  failure  in  the  conductor  increases  due  to  increased 
electron  bombardment  of  the  conductor  atoms.  This  can  lead  to  a  displacement  of  these 
atoms  which  may  result  in  an  open  circuit. 

The  other  two  problem  areas  mentioned  above  result  from  packing  more  circuitry  onto 
chips  to  take  up  any  space  that  was  gained  during  scaling.  In  other  words,  the  chip 
sizes  are  remaining  relatively  constant  despite  continuing  attempts  to  scale  down 
feature  sizes.  The  problem  of  increasing  interconnect  delays  may  best  be  understood  by 
taking  a  look  at  the  effects  of  scaling  and  packing  on  the  RC  time  constants  of  the 
interconnect  conductors.  If  the  linear  dimensions  are  ail  reduced  by  a  factor  alpha, 
the  resistance  of  the  conductors  will  increase  by  alpha  and  the  capacitance  between  the 
conductors  and  the  ground  plane  will  decrease  by  alpha.  This  results  in  the  time 
constant  being  independent  of  any  scaling  effort.  The  conclusion  to  be  drawn  is  that 
the  integrated  circuit  speeds  will  eventually  be  limited  by  the  interconnect  speeds 
because  they  are  not  scaling  down  witli  the  gate  speeds. 

The  above  analysis  was  based  only  on  scaling  with  no  consideration  being  given  to  the 
effects  of  packing.  When  packing  is  considered,  the  limiting  effects  of  interconnect 
speed  become  much  worse  because  the  interconnects,  on  the  average,  are  }ust  as  long  as 
they  were  oefore  scaling.  This  is  based  on  the  assumption  that  the  chip  size  is 
remaining  constant.  If  one  again  looks  at  the  expressions  for  conductor  resistance  and 
capacitance  and  leaves  the  lengths  unsealed,  the  resistance  is  seen  to  increase  by 
alpha  squared  whereas  the  capacitance  remains  constant.  This  means  that  the  RC  time 
constant  increases  by  alpha  squared  resulting  in  the  interconnect  delays  becoming  the 
major  speed- 1  imiting  factor  fer  VLSI  and  VHSIC  technologies.  The  rc*IaLive  magnitude  of 
this  problem  is  illustrated  in  figure  1  (ref.  2)  for  the  various  interconnect  metals  of 
polysilicon,  tungsten  silicide,  tungsten,  and  aluminum. 
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Figure  1.  Gate  delays  versus  interconnect  delays 

The  second  problem  area  mentioned  above  was  the  increasing  requirements  for  the  number 
of  interconnects.  According  to  an  empirical  relationship  known  as  Rent's  Rule,  the 
number  of  external  connections  required  is  approximately  equal  to  the  0.61  power  of  the 
number  of  devices  on  the  chip.  This  number  would  be  considerably  larger  for 
interconnect  intensive  chips.  For  VLSI  chips  with  several  hundred  thousand  devices, 
the  interconnect  requirements  would  be  considerably  in  excess  of  the  projected 
capability  (200-300  pins)  of  the  novel  solder  bump  bonding  techniques  under 
development.  More  importantly  yet  is  the  limitations  that  the  limited  pin  counts  place 
on  the  architectural  design  of  VLSI  chips. 

ALGORITHMIC  IMPLICATIONS 

Reducing  the  cost  (power,  delay,  area,  etc.)  of  interconnections  will  open  the  door  to 
new  architectures  and  algorithms  that  heretofore  have  been  impractical.  Architectures 
have  been  conceived  which  would  result  in  more  than  75%  of  the  chip  area  necessarily 
being  expended  for  the  interconnections.  These  so-called  wire-limited  architectures 
are  awaiting  a  solution  to  the  interconnect  problem.  Let  us  take  a  look  at  the  class 
of  algorithms  which  lead  to  such  interconnect  intensive  architectures. 

The  least  interconnect  intensive  algorithms  would  be  those  dealing  witli  direct 
point-to-point  dependence  of  the  output  on  the  input.  An  example  would  be  image 
contrast  reversal  where  each  individual  output  point  is  directly  related  to  an 
individual  input  point,  and  each  iiiput/output  point  pair  has  the  same  functional 
relationship.  The  next  higher  level  would  involve  neighborhood  dependence  of  output 
points  on  the  input.  Image  edge  detection  algorithms  would  fall  into  this  class  since 
each  output  pixel  is  a  function  of  only  those  input  pixels  in  the  immediate 
neighborhood  of  the  point  of  interest. 

The  above  algorithmic  classes  do  not  have  high  interconnect  costs.  However,  the  next 
level  of  interconnect  intensive  algorithms  deal  with  more  global  types  of  input/output 
dependence  such  as  is  the  case  with  the  Fast  Fourier  Transform  (FFT)  as  shown  in  figure 
2.  An  important  point  to  note  with  respect  to  the  FFT  interconnect  diagram  is  that  all 
but  the  first  nodal  stage  could  be  eliminated  if  it  were  possible  to  reconfigure  the 
interconnects.  This  would  offer  a  significant  reduction  in  either  logic  elements  or 
memory  transfers  for  large  FFTs.  The  possibility  of  realizing  such  dynamic  inter¬ 
connects  will  be  discussed  later  in  the  paper. 
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Figure  2.  FFT  interconnect  diagram. 


The  highest  level  of  interconnect  requirements  would  be  presented  by  space-variant 
filtering.  Not  only  are  all  output  points  dependent  on  all  input  points,  but  the 
tunctionai  dependence  changes  depending  on  which  input/output  pair  is  being  considered. 


This  'lequircs  either  an  extensive  interconnect  network,  or  many  time  consuming  routing 
operations . 

OPTICAL  INTERCONNECTS 


Optics  offers  the  potential  for  realizing  very  significant  improvements  in  the  speed  of 
the  interconnects,  possibly  as  high  as  10  to  15  gigabits  per  second.  The  much  higher 
speed  capability  of  the  optical  interconnects  over  the  gate  speeds  provides  the 
opportunity  for  multiplexing  which,  in  turn,  leads  to  the  ability  to  accommodate  a  much 
larger  number  of  interconnects.  Although  the  optical  analogy  to  electromigration  could 
exist  with  fiber  interconnections,  there  exists  little  cost  motivation  to  scale  down 
the  fiber  dimensions  to  where  such  considerations  would  be  a  factor.  Another  very  real 
advantage  of  optics  lies  in  the  decoupling  of  the  electronic  circuits  which  the 
eiectronic/optical  conversion  provides.  In  addition,  there  would  be  a  freedom  from  the 
planar  constraints  of  the  electronic  microstrips,  and  the  drive  power  for  the 
interconnects  would  no  longer  be  dependent  on  their  lengths.  But  one  of  the  attributes 
with  the  greatest  potential  is  the  reprogrammability  that  unguided,  or  free-space, 
optical  interconnects  could  provide.  Recall  the  cost  savings  that  such  dynamic 
interconnects  would  achieve  for  the  FFT. 
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Figure  3.  Optical  interconnect  schemes 

Let  us  take  a  look  at  how  optics  might  be  used.  Figure  3  illustrates  four  possible 
concepts  -  the  top  two  using  guided  channels  while  the  bottom  two  are  unguided  schemes; 
i.e.,  they  do  not  involve  waveguides.  The  planar  waveguide  configuration  could  be 
realized  by  incorporating  a  waveguide  layer  in  the  VLSI  chip,  but  we  would  still  be 
faced  vith  the  planar  constraints,  and  waveguide  scattering  might  generate  some  cross 
talk.  The  optical  fiber  scheme  overcomes  these  disadvantages,  but  does  not  allow  us  to 
take  advantage  of  the  spatial  multiplexing  capability  of  optics.  Thic  leads  us  to  look 
to  unguided  techniques,  which  take  advantage  of  the  fact  that  any  number  of  optical 
beams  may  independently  exist  in  the  same  spatial  location  in  a  linear  medium.  The 
scheme  shown  on  the  left  employs  a  mask  which  determines  which  sources  "see"  which 
detectors.  Even  if  the  masking  structure  were  to  employ  imaging  elements  which  could 
refract  the  light  to  the  appropriate  detectors,  the  overall  system  is  not  light 
efficient  due  to  the  absorption  by  the  mask.  The  final  concept  employs  holographic 
optical  elements  to  diffract  the  light  to  the  correct  location,  and  affords  a  groat 
deal  of  architectural  flexibility.  An  intermixed  arrangement  oi  VLSI  chips  and 
hologram  arrays  could  someday  eliminate  the  need  for  the  massive  bundles  of  wires 
currently  used  to  move  information  in'^ide  computers. 

Before  discussing  the  reconf igurable  interconnects,  let  us  take  a  look  at  some  existuig 
programs  designed  to  provide  optical  interconnect  technology  for  the  Strategic  Computer 
(fifth  generation  computer)  Initiative  of  the  United  States  Department  of  Defense. 
Figure  4  illustrates  an  upcoming  demonstration  designed  to  study  the  trade-offs 
between  the  optical  fiber  and  the  conventional  microstrip  interconnect  technologies. 
The  demonstration  will  employ  4  emitter-coupled-logic  (ECL)  word  generators  eacl) 
operating  at  250  megabits  per  second.  These  four  circuits  will  output  into  a  4:1  elec¬ 
tronic  multiplexor,  two  of  them  via  microstrip  and  two  via  optical  fiber.  The  output 
of  the  multiplexor  will  then  be  used  as  input  to  a  1  gigabit  per  second  optical  fiber 
channel.  For  the  first  demonstration,  the  silicon  based  sigrial  generators  will  be 
wi  re-bande(.i  to  the  c,aAs  op  toe  lec  cron  ic  circuitry.  Later  demons  t  ra  t  ions  will  be  moving 
toward  GaAs  monolithic  circuits  and  toward  more  efficient  GaAs/Si  interfaces. 
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Figure  4.  Optical  chip-to-chip  demonstration 

This  demonstration  will  use  lasers  which  emit  light  horizontally  from  the  edge  of  the 
chip,  which  IS  the  simplest  mode  of  operation  for  integrated  solid  state  diode  lasers. 
Since  this  requires  that  the  interconnect  signals  be  brought  to  the  edge  of  the  chips 
(even  for  cJaAs  monolithic  integrated  circuits),  the  constraints  imposed  would  lead  to 
vury  costly  interconnects  in  such  situations  as  inter-  or  iiitra-wafer  communications. 
Therefore,  a  second  program  will  employ  distributed  feedback  lasers  (figure  5) 
monuLithically  integrated  on  3  inch  GaAs  integrated  circuit  wafers.  The  distributed 
gratings  serve  a  dual  function  of  laser  cavity  feedback  and  vertical  diffraction  of  the 
laser  emission.  Such  surface  emitting  lasers  open  up  many  new  architectures, 
especially  when  troe-space  transmission  is  considered.  For  example,  inter-wafer 
communications  would  be  possible  across  a  narrow  air  gap  between  two  wafers  mounted 
upside  down  with  respect  to  one  inother.  As  mentioned  earlier,  holographic  diffraction 
gratings  could  be  used  for  inter-  and  intra-wafer  free  space  links  when  surface 
emitting  lasers  are  used. 


Figure  .  (Optical  wa  fer- to-wa  fer  interconnect 

Mu  i  t  1  [  .  ■  >1  r.g  1  a  must  if  full  advantage  is  to  be  made  of  the  optical  interconnect 
High  sp»;ed  elecLronic  multiplexors  are  costly  in  terms  of  chip  area, 
‘■spf  la.iy  I'jv  large  multiplex  ratios.  The  third  optoelectronic  interconnect  program 
uMlru  Ttiatf.gi;.'  T.'mputing  will  develop  an  optical  time  division  multiplexing  scheme  as 
sit'wr'.  lu  figure  h .  A  small  gap  is  made  in  each  microstrip  and  the  gap  is  bridged  by  an 
pt  i„e  le  -t  tu.  n  1  o  material  whose  resistivity  drops  by  several  orders  of  magnitude  upon 
exp'  uure-  to  s-ulu.reut  radiation.  A  single  laser  pulse  may  be  transmitted  to  each  gap 
(  uptcj».' 1  ec t ron  1  c  switch)  Via  differing  lengths  of  optical  fiber  such  that  the 
bwit.hes  ar*'  closed  in  successive  fashion  achieving  a  time  multiplexing  of  the  signals 
'Ui  the  mu.r-'Strip  .  Once  again,  multiplexing  is  possible  due  to  the  ability  to  pulse 
tht'  IdHi'i  at  much  higher  speeds  than  the  switching  speeds  on  the  VLSI  chip. 


I 


MICROSTIPS 


OPTOELECTRONIC 

SWITCHES 


METAL  STRIPLINE 


SEMICONDUCTOR 

LAYER 


INSULATING  SUBSTRATE  j  CONTACT 


} 

□ 

_ L_ 

n 

( 

1  LIGHTLY  DOPED  | 

I 

Figure  6.  Optoelectronic  multiplexing 
RECONFIGUKABLE  INTERCONNECTS  FOR  VLSI 

The  interconnect  methods  considered  so  far  have  been  fixed  in  the  system  design,  but 
optoelectronic  interconnects  have  considerable  potential  for  programmability.  This 
extended  capability  may  be  considered  for  both  of  the  unguided  schemes  shown  in  figure 
3.  In  the  first  scheme,  the  mask  could  be  replaced  with  either  a  two-dimensional 
spatial  light  modulator  operating  in  a  binary  mode  or  with  a  two-dimensional  array  of 
optical  bistable  switches.  The  use  of  these  devices  would  allow  the  real-time 
modification  of  the  mask  so  that  the  interconnect  configuration  could  be  changed  as 
fast  as  the  logic  switching  speeds.  In  the  second  scheme,  the  holographic  diffraction 
gratings  could  be  rewritten  in  real-time  using  four-wave  mixing. 

The  importance  of  four-wave  mixing  as  a  switching  mechanism  for  optical  interconnection 
and,  in  general,  optical  computing,  deserves  some  further  discussion.  The  similarity 
between  degenerate  four-wave  mixing  and  conventional  holography  is  illustrated  in 
figure  7  {ret.  3)  .  If  one  uses  the  grating  point  of  view,  four-wave  mixing  can  be 
viewed  as  Lhe  simultaneous  recording  and  reading  of  two  sets  of  gratings.  The  ob;)ect 
wave  interferes  with  each  of  the  two  counter-propagating  input  waves  (E.  and  E^) 
producing  the  two  sets  of  gratings.  For  each  set,  the  non-interfering  wave  is  Bragg 
diffracted  by  the  respective  grating  to  produce  a  phase  conjugated  component  wave. 
These  two  components  then  coherently  superimpose  with  one  another  to  produce  the 
phase-conjugate  return  wave.  In  this  way,  four-wave  mixing  can  be  used  to  write  the 
holographic  grating  structures  in  a  nonlinear  optical  medium. 
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Figure  B.  Holographic  element  arrays  using  four-wave  mixing 

For  realizing  dynamic  optical  interconnects,  large  arrays  of  holographic  optical 
^‘lements  would  be  needed.  A  viable  system  configuration  for  this  is  shown  in  figure  8. 
The  laser  provides  the  higher-power  counter-propagating  waves;  however,  one  of  these 
waves  has  now  been  spatially  modulated  in  order  to  define  the  various  facets  of  the 
holographic  array.  Each  facet  would  be  needed  to  diffract  the  laser  beam  of  a 
particular  laser  diode  on  a  VLSI  chip  to  a  particular  detector  either  on  the  same  chip 
or  on  another  chip.  A  moment  later,  the  spatial  light  modulator  may  impress  another 
modulation  on  the  two-dimensional  wavefront,  thus  establishing  a  different  set  of 
facets  in  the  array.  This  will  result  in  the  light  beams  following  a  different  path, 
interconnecting  different  sets  of  sources  and  detectors. 

A  major  impediment  to  implementing  such  dynamic  interconnect  systems  lies  in  the  lack 
of  optical  nonlinear  materials  which  exhibit  their  nonlinearity  at  practical  power 
levels.  both  optical  bistability  and  four-wave  mixing  are  dependent  on  optical 
nonlinearities,  principally  the  third  order  nonlinearities.  It  is  much  higher 
magnitudes  of  these  nonlinearities  that  we  must  seek  if  we  are  to  achieve  lower  power 
levels.  Two  emerging  areas  of  nonlinear  optical  materials  research  that  show  exciting 
promise  are  supcriattice  films  and  organic  polymers,  both  of  which  have  mechanisms  for 
enhancing  the  third  order  polarizability.  It  should  also  be  mentioned  that  these 
materials  exhibit  switching  speeds  about  two  'orders  of  magnitude  above  those  of  the 
inorganic  films  since  the  predominant  switching  mechanism  is  electronic  in  nature 
rather  than  being  tied  into  the  lattice  vibrational  modes. 

Nonlinear  optical  superlattices  are  constructed  by  laying  down  alternating  thin  films 
of  two  semiconductors  of  differing  band  gaps,  such  as  alternating  films  of  GaAs  and 
GaAlAs.  Electrons  produced  in  the  lattice  with  the  higher  band  energy  are  rapidly 
swept  into  the  neighboring  layers  because  of  their  lower  potential.  This  forced 
separation  of  the  eiectron/hole  pairs  leads  to  the  enhanced  polarization  that  we  are 
seeking.  For  the  organics,  the  enhanced  polarizations  are  due  to  the  fact  that  the 
electrons  resulting  from  the  optical  excitations  are  the  pi  electrons,  which  are 
orthogonal  to  the  interatomic  bonds,  rather  than  the  sigma  electrons  associated  with 
the  bonds.  The  result  is  that  the  pi  electrons  are  more  polarizable  because  they  are 
freer  from  the  interatomic  forces  which  tend  to  bind  the  sigma  electrons.  In  our 
strive  for  highly  polarizable  materials,  especially  those  with  third  order  effects,  we 
will  also  want  to  investigate  the  potential  of  organic  super lattices  to  build  on  the 
effects  of  the  super  lattices  and  the  organics  considered  separately. 

SUMMARY 

This  pape*'  has  described  the  interconnect  problem  and  ways  in  which  optics  will  likely 
be  used  to  significantly  reduce  interconnect  costs.  But  not  even  for  the  more  n^ar 
term  fiber  optic  systems  were  the  full  potential  of  optical  interconnections  discussed. 
The  point-to-point  communications  as  described  could  well  give  way  to  elaborate 
switche’d  or  broadcast  networks  handling  packet  transmissions.  Of  course,  the 
flexibility  expands  even  further  when  free-space  links  are  considered.  Realization  of 
the  full  advantage  of  optical  interconnects  will  likely  require  the  synergetic  efforts 
of  the  optical  device  engineers,  the  computer  architects,  and  the  communication  and 
information  scientists. 

In  addition  to  the  ongoing  development  efforts  into  chip-to-chip  and  wafer-to-wafer 
optical  interconnects,  the  Defense  Advanced  Research  Projects  Agency  is  interested  in 
pursuing  investigations  into  the  above  mentioned  novel  interconnect  protocols  as  well 
as  into  many  aspects  of  free-space  interconnections .  For  the  latter,  the  emphasis  will 
be  on  the  switching  media,  new  architectures,  bettor  materials,  and  on  improved 
interfaces  between  the  optoelectronics  and  silicon  based  electronics.  The 
reconfiguration  potential  for  optical  interconnects,  and  the  associated  new 
architectures  and  algorithms,  may  someday  revolutionize  information  processing. 
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SUMMARY 

In  this  paper  we  consider  designs  for  various  devices  intended  to 
perform  numerical  operations  using  a  Hughes  liquid  crystal  light  valve 
and  the  residue  arithmetic  representation .  In  the  first  part  we 
present  a  numerical  optical  temporal  integrator,  intended  to  take  as  input 
a  string  of  numbers  and  keep  a  running  sum.  The  second  device  presented 
is  an  optical  clock  designed  to  generate  optical  timing  pulses  using  a 
liquid  crystal  light  valve.  A  comparison  of  binary  and  residue 
arithmetic  in  one  application  is  given.  The  third  part  contains  a 
discussion  of  a  numerical  optical  matrix  multiplier.  A  sketch  of  the 
design  is  shown  and  the  information  layout  on  the  light  valve  and  input 
planes  is  described. 


INTRODUCTION 

In  this  paper  we  present  work  on  numerical  Optical  computing  at  The  Ohio  State  University,  Ihp 
work  presented  in  this  paper  i$  characteri zed  by  the  use  of  a  Hughes  liquid  crystal  light  valve^, 
(LCLV),  the  residue  arithmetic  representation,  and  optical  fiber  input  and  output.  The  paper  will 
focus  on  the  design  of  numerical  optical  computing  systems  with  particular  application  to  an  optical 
temporal  integrator,  that  is  a  device  that  takes  in  a  string  of  numbers  and  keeps  a  running  sum,  ft 
residue  temporal  integrator  will  be  considered  along  with  the  optical  clock  that  is  used  for  timing 
it.  Comparison  will  be  made  with  a  comparable  unit  using  binary  arithmetic,  and  the  design  of  a 
resic.ie-based  optical  matrix  muHtplier  will  also  be  presented. 

This  work  fa  1 1 s  into  the  area  of  numerical  optical  computing.  Optical  computing  using  the 
optical  Fourier  transform  is  well  known^t"^.  In  the  numerical  area  advances  have  been  made  by  Athale“, 
and  Soffer'’.  Residue  arithmetic  is  well  knowri^*’»^,  and  optical  computation  using  residue  arithmetic 
has  been  i nvesti gated*’*  ^ i  ,  [n  this  paper  we  present  an  application  of  optical  computing  using 
residue  arithmetic  in  the  design  of  an  optical  temporal  integrator.  This  contains  both  an  optical 
addition  unit  and  an  optical  storage  unit.  The  arithmetic  operation  of  addition  is  done  using 
addition  of  optical  spatial  frequencies’’,  and  the  storage  unit  operates  using  feedback'’. 

In  the  balance  of  the  paper  we  will  first  review  the  concepts  of  residue  arithmetic.  In  the 
second  section  we  will  consider  the  overall  design  of  the  temporal  integrator  and  in  the  third  and 
fourth  sections  we  will  discuss  the  optical  addition  unit  and  the  optical  storagn  unit.  The  fifth 
section  contains  a  discussion  of  the  experimental  apparatus  used  for  the  addition  and  sto-age  units. 
The  sixth  section  starts  a  discussion  of  the  optical  dock  to  be  used  for  timing  the  temporal 
integrator.  In  the  seventh  section  the  residue-binary  design  comparison  will  he  made.  The  eighth 
section  will  contain  a  description  of  the  optical  matrix  tmjl tipi i cat  ion  unit. 


1.  RFSinUE  arithmetic 

In  residue  arithmetic,  one  represents  a  number  by  a  set  of  remainders  after  the  numhe'"  is  divided 
successively  hy  a  set  of  bases.  The  residue  is  .tierely  the  remainder  after  -Mviding  the  number  by  tnp 
base.  Thus,  for  example,  consider  the  f-umber  seven  and  bases  two,  three  af<d  five.  Seven  is 
repce'^ented  hy  a  residue  ot  one  with  respect  to  base  two,  a  residue  of  one  with  respect  to  base  t'Tee 
and  a  residue  ot  two  with  respect  to  base  ^ivp.  Thus,  the  number  seven  would  he  represented  by  the 
triplet  (1,1,2)  with  respect  to  bases  2,  i.  and  S. 

One  can  perform  the  operations  of  addition,  subtraction  and  multiplication  quite  simply  isinu 

rps’diie  arithmetic.  The  residues  with  respect  to  a  given  base  arc  combined  using  the  desired 

openatinn  thpn  the  base  iS  cast  out  if  necessary.  Consider  the  residue  representat i ons  of  nine  ang 
three  with  rpspect  to  bases  2,  3,  and  5;  they  are  '1,0,4)  and  (1,0,31,  respectively.  In  aOdinq  t.hern, 
start  with  base  two  and  proceed  to  t*aces  three  and  five,  adding  one  to  one  with  respect  to  base  twr 
giving  two.  One  then  casts  e  two  giving  a  remainder  of  zero.  Similarly,  wi^'h  respect  to  base  five, 
four,  the  rp^iqijp  of  nine,  p'us  three,  the  residue  of  three,  give  seven,  which  aftp'^  five  is  cast  n  t 
gives  a  romainer  ot  two.  Th  .  triplet  (0,0,2'  .  orresponds  to  decimal  twelve  as  e*pec,ted.  Note  that 
all  the  nperations  can  he  performed  in  parallel, 

‘limilarly,  one  can  subtract  and  m(/|tiply  numbers  t/sing  the  residue  represent  at  i  on  Subtraction 
is  done  by  Subtracting  the  corresponding  residues,  or  by  add’nq  the  complement,  ’’he  simplest  way  to 
multiply  is  hy  successive  additi  n.  For  example,  to  imjltiply  three  by  nine,  one  takes  one  with 
respect  to  base  two,  no  zeros  with  respect  to  base  three  and  four  thmes  with  respect  to  has“  i^ive. 

Thp  result  atter  casting  out  two  fives  is  Indeed  (l,il,21  which  repre'.enfs  twenty-seven.  niv’Sinn,  if 

at  aM  possible,  is  murh  more  romplex,  resultinq  from  the  fact  that  a  larger  algebraic  fipl<1  iS 

usually  needed  to  contain  guoi'’ents  than  the  fields  of  thp  dividend  or  divisor. 
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It  Is  important  to  note  that  for  a  given  base  the  residues  form  a  cyclic  progression.  For  base 
five  it  goes  zero,  one,  two,  three,  four,  zero,  one,  two,  etc.  The  cyclic  behavior  is  an  integral 
part  of  the  representation.  Another  important  feature  is  that  there  is  no  interaction  between  the 
residues  of  different  bases.  This  saves  time  in  the  addition  operation  for  example  by  avoiding  the 
ripple  carry. 

2.  OPTICAL  TEMPORAL  INTEGRATOR 

We  now  continue  on  to  the  design  of  a  temporal  integrator  using  residue  arithmetic.  The  block 
diagram  of  the  approach  Is  shown  In  Figure  1  where  we  see  a  clocked  Input  at  the  left,  an  adder  amd 
two  storage  units.  The  output  with  the  running  sura  Is  at  the  right.  In  operation,  the  first  nuwer 
that  comes  in  is  put  In  the  left-hand  storage  unit  and  then  transferred  to  the  right-hand  one.  The 
next  number  Is  added  to  what  Is  1n  the  right-hand  one  and  then  transferred  to  the  left-hand  one,  etc. 
The  clock  pulse  Isolates  the  two  storage  units  so  that  they  operate  Independently  yet  simultaneously 
when  a  new  number  is  being  taken  in. 

3.  OPTICAL  ADDITION  UNIT 

The  basic  addition  operation  for  a  single  base  Is  shown  in  Figure  2.  It  takes  in  numbers  coded 
by  position  along  a  line  as  shown  on  the  left.  There  are  two  Inputs,  one  above  the  axis  and  one  below 
the  axis.  This  is  consistent  with  a  residue  arithmetic  representation  where  all  the  numbers  may  ^ 
positive.  For  a  residue  base,  "b“,  there  are  “b"  possible  input  positions  in  both  directions.  The 
light  valve  is  shown  in  the  center,  and  plane  P  at  the  right  is  the  output  plane. 

This  residue  adder  operates  by  the  addition  of  spatial  frequencies.  The  lens  Just  to  the  left  of 
the  light  valve  converts  the  light  from  the  two  point  sources  to  collimated  beams,  i.e.  plane  waves. 
These  two  plane  waves  Interfere  to  form  a  fringe  pattern  on  the  light  valve  input  face.  The  average 
Intensity  is  set  so  that  Intensity  values  He  in  a  linear  region  of  the  light  valve  characteristic 
curve.  Thus  the  output  intensity,  Ij,  taken  to  be  proportional  to  the  square  of  the  input  Intensity, 
is  given  by  the  expression 

Ij*  Cj+C2COS(2»(xj+X2)x/fA). 

Thus  there  is  a  fringe  pattern  of  spatial  frequency,  given  by 
<  •  2w(xifX2)/fX 

where  f  is  the  lens  focal  length,  X  is  the  light  wavelength,  xj  and  X2  are  the  input  spot  positions 
along  the  positive  and  negative  input  axis  respectively,  and  x  is  the  position  along  the  light  valve 
input  face  .  £q.  It)  shows  the  basic  addition  operation:  x  Is  proportional  to  the  sum  of  numbers 
represented  by  positions,  xj  and  X2. 

On  the  output  side  of  the  light  valve,  one  sees  a  lens  with  a  point  source  on  axis  in  the  focal 

plane.  This  provides  a  collimated  beam  which  is  reflected  off  the  light  valve.  In  this  case,  the 

periodic  pattern  incident  on  the  input  side  of  the  LCLV  acts  like  a  diffraction  grating  with  a 
cosinusoidal  pattern,  and  the  light  valve  produces  three  reflected  plane  waves,  one  reflected  back  in 
the  direction  of  the  incoming  wave,  and  one  each  side  of  the  incoming  wave.  Upon  passing  back  through 
the  lens  these  are  focussed  and  appear  as  three  spots  in  the  focal  plane,  the  central  spot  being 
coincident  with  the  original  source  and  the  other  two  spots  on  either  side  of  it.  The  direction  of 
the  other  two  spots  are  at  angles 

9  >  »  X/t  (3) 

where  I  is  the  fringe  spacing  indicated  in  Eq.  (1)  and  is  given  by 

t  ,  Xf/(xj*X2).  (A) 

Thus  the  diffraction  angle  s 

9  .  F(xi  ♦  X2)/f  (5) 


and  the  separation  of  the  two  side  spots  from  the  central  one  in  plane  P  is 


X  =  fo  » 

thus  illustrating  that  the  displacement  in  plane  P  is  proportional  to  the  sum  of  the  individual 
displacements.  Only  one  of  the  two  spots  is  shown  in  Figure  2. 

We  now  Introduce  the  residue  arithmetic  by  quantizing  the  allowed  values  of  x  along  the  positive 
and  negative  x  axes  in  the  input  plane: 

xj  •  nxg  (7a) 

X2  ■  mxg  .  (7b) 

In  Eqs  7,  integers  n  and  m  are  residue  representations  of  an  input  number  with  respect  to  base  b, 

0  £  n,m  <  b-1,  and  Xg  is  a  minimum  constant  unit  displacement,  Eqs  (1)  and  (6)  thus  become 


Ij  •  Cj  +  C2COs(2>(n  +  mlxo/f^) 


(8) 


X  •  (n  +  m)xo  (9) 

There  Is  more  to  be  done  If  the  output  Is  to  represent  residue  addition  and  that  Is  to  ensure 
that  there  Is  always  an  output  In  the  range  0  <  X  <(b-l)xg.  For  example.  If  the  two  Input  numbers 
add  up  to  more  than  the  base  then  provision  must  be  made  for  casting  out  *b*  to  reduce  the  number  to 
the  desired  range.  One  method  Is  presented  In  Reference  9.  Another  will  be  given  here. 

The  scheme  for  ensuring  an  output  In  the  desired  residue  range  Is  shown  In  Figure  3.  The 
apparatus  arrangement  Is  the  same  as  that  In  Figure  ?  up  to  plane  P.  Immediately  past  plane  P  a 
half  wave  plate  Is  Inserted  In  front  of  the  spots  In  the  range  from  b  to  2b-l,  At  a  focal  length 
from  plane  P  Is  a  lens  for  collimating  the  light  In  the  spots  and  past  the  lens  Is  a  Glan-Thompson 
prism.  Above  and  to  the  right  of  the  prism  are  quarter  wave  plates  and  mirrors  and  below  the  prism 
Is  another  lens  to  refocus  the  light. 

The  purpose  of  the  half  wave  plate  next  to  plane  P  Is  to  allow  spots  In  the  range  b  to  2h-l  to  be 
returned  to  the  range  0  to  b-1  as  required  by  the  residue  representation.  Light  coming  out  In  spots 
In  the  range  0  to  b-1  has  unchanged  polarixatlon  that  allows  It  to  pass  straight  through  the 
Glan-Thompson  prism  while  light  coming  out  throught  spots  In  the  range  b  to  2b-l  has  a  polarization 
that  Is  rotated  by  ninety  degrees  so  that  It  Is  reflected  by  the  prism.  The  field  lens  next  to  plane 
P  Insures  that  all  the  light  leaving  plane  A  Is  directed  Into  the  collimating  lens  next  to  the  prism. 
The  quarter  wave  plates  between  the  prism  and  the  mirrors  effectively  act  like  a  half  wave  plate  when 
light  passes  through  them  twice,  and  rotate  the  polarization  plane  so  that  light  Initially  passing 
through  the  prism  ends  up  being  reflected  by  It  and  conversely,  light  Initially  reflected  by  It  ends 
up  being  transmitted. 

We  can  now  trace  the  complete  light  paths.  Light  from  points  In  the  range  0  to  b-1  Is 
transmitted  through  the  prism,  reflected  directly  back  by  the  mirror  to  the  right  of  the  prism, 
reflected  downward  by  the  prism  and  refocussed  by  the  lens.  On  the  other  hand,  light  from  spots  In 
the  range  b  to  2b-l  Is  reflected  upward  by  the  prism  reflected  by  the  tilted  mirror  at  the  top, 
passes  through  the  prism  and  spots  originally  In  the  range  b  to  2b-l  now  appear  In  the  range  0  to 
b-1. 


This  concludes  the  discussion  of  the  adder.  We  note  that  the  scheme  for  reflecting  the  residue 
output  Into  the  range  0  to  b-1  has  the  advantage  of  keeping  all  the  light.  We  also  note  the 
preceding  discussion  considered  only  one  base.  Other  bases  would  be  In  other  planes  parallel  to  the 
plane  of  the  paper  and  possibly  In  the  same  plane  but  translated  sideways. 

4.  OPTICAL  STORAGE  UNIT 

We  now  go  on  to  consider  the  storage  units  used  In  the  temporal  Integrator.  A  single  storage 
unit  Is  shown  In  Figure  4.  There  we  see  the  light  valve  at  the  center  with  Input  at  the  left  and 
output  at  the  right.  There  Is  also  an  additional  path  at  the  bottom  feeding  Information  from  the 
output  back  to  the  Input. 

We  note  that  the  two  lenses  on  either  side  of  the  light  valve  and  the  Image  planes  one  focal 
length  away  are  the  same  as  In  the  addition  unit.  For  the  sake  of  discussion  we  will  denote  these 
focal  planes  as  0  and  P  In  Figure  4.  The  numbers  are  position  coded  as  In  the  addition  unit. 

Light  from  spot  "n"  In  the  Input  plane  at  the  left  Is  Imaged  through  the  Glan-Thompson  prism  onto 
plane  0.  There  It  Is  added  to  a  second  Input  at  the  zero  spot  In  plane  0  to  form  the  sum,  (0+n), 
giving  the  number  "n"  at  plane  P,  Basically  plane  P  could  then  then  be  Imaged  back  onto  plane  0  so 
that  It  becomes  superimposed  onto  the  original  Input  at  plane  0.  The  Glan-Thompson  prism  Is  used 
because  It  allows  light  from  the  Input  and  from  plane  P  to  be  combined  without  the  loss  of  light  that 
would  occur  In  a  regular  beam-splitter. 

The  lenslet  array  shown  In  the  center  of  the  bottom  path  Is  added  to  give  the  positions  a 
spatially  stable  equilibrium.  Without  It  there  Is  neutral  stability.  That  Is,  any  position  that  Is 

fed  back  will  be  a  stable  position.  If  a  small  perturbation  causes  a  spot  to  move.  It  will  remain  at 

the  new  position.  This  Is  shown  In  Figure  5a  where  a  plot  of  Input  position,  say  In  Input  plane  0, 
versus  output  position,  say  In  output  plane  P,  Is  drawn  assuming  the  lenslet  array  at  the  bottom  of 
Figure  4  were  absent. 

However,  with  the  lenslet  array  Inserted,  motion  In  one  direction  Is  corrected  by  the 

magnification  of  -1  of  the  Individual  lenslets  In  the  array,  thus  preserving  the  spot  positions.  The 

lenslet  array  Is  shown  at  the  bottom  of  Figure  4  ndiere  the  Input  and  output  planes  are  set  to  give  a 

magnification  of  -1.  The  Input  versus  output  positions  are  then  redrawn  In  Figure  5b  where  we  see  a 

separate  portion  for  each  Tens  and  a  negative  slope  for  each  portion.  The  equilibrium  spot  positions 
occur  where  the  Individual  segments  cross  the  slant  line,  where  Input  position  coincides  with  output 
position,  as  shown.  The  Intersections  where  the  slopes  are  opposite  give  stable  equilibrium.  It  Is 
reasonable  that  a  stable  equilibrium  should  occur  because  the  axes  of  the  Individual  lenslets 
determine  unique  spot  positions. 

The  lenslet  array  Is  formed  from  a  bleached  holographic  sine-wave  grating.  The  grating  Is  formed 

from  the  photograph  of  two  Interfering  plane  waves.  The  refractive  Index  of  the  photograph,  when  It 

Is  bleached  1$  given  by  n  •  n^  ♦  nicos(icx)  where  x  Is  the  position  coordinate  on  the  film 
perpendicular  to  the  fringes  and  «  where  to  Is  the  fringe  spacing.  The  focussing  action  then 

occurs  at  around  each  lenslet  axis  given  by  maxima  In  refractive  Index,  with  the  focal  length  being 
given  by  the  expression  f  •  -(3»/X)(d‘n/dx’)  where  X  Is  the  optical  wavelength. 
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In  order  to  ensur?  Interference  at  the  light  valve  Input,  precautions  must  be  taken.  The 
polarizations  of  the  Individual  beams  must  be  carefully  set.  The  same  source  must  be  used  for  the 
light  at  the  Input  planes  and  at  the  two  position  planes.  One  way  of  achieving  this  would  be  to  use 
optical  fibers  all  coming  from  the  same  source  all  with  the  same  path  lengths. 

We  now  combine  the  adder  and  the  storage  units  Into  the  completed  temporal  Integrator  shown  In 
Figure  6,  There  we  see  the  adder  across  the  top  and  the  two  storage  units  across  the  bottom.  The 
Input  Is  at  the  upper  left  and  the  output  Is  at  the  lower  left.  The  Information  travels  In  a 
clockwise  manner  around  the  loop.  The  prism  used  to  cast  out  the  base  Is  located  at  the  upper  right 
hand  side.  The  output  of  the  addition  unit  Is  applied  directly  to  the  Input  of  the  first  storage 
unit,  the  output  of  which  Is  applied  directly  to  the  second  storage  unit.  Clocked  sources  are  used  at 
particular  Inputs  to  disconnect  the  two  storage  units  during  the  Input  of  a  new  number. 

In  the  temporal  Integrator,  Information  Is  partitioned  In  rows.  That  Is,  the  Individual  gratings 
on  the  light  valve  are  only  one  Image  element  high.  This  Is  Illustrated  In  Figure  7  where  we  see  the 
light  valve  and  Input  plane  and  two  lenses,  the  spherical  lens  described  previously  and.  In  addition, 
a  cylindrical  lens.  The  cylindrical  lens  serves  to  Image  In  the  vertical  direction,  leaving  the  light 
to  be  collimated  as  before  In  the  horizontal  direction.  This  has  the  obvious  advantage  of  Independent 
rows. 

5.  EXPERIMENTAL  APPARATUS 

For  clarity  and  simplicity,  the  apparatus  Is  Illustrated  In  two  parts,  the  adder  and  the  storage 
unit.  The  addition  unit  Is  shown  In  Figure  8  where  we  see  the  light  valve  In  the  center  and  the  laser 
source  at  the  top.  A  twenty-five  milliwatt  single  line  argon-ion  laser  was  used.  The  light  Is  first 
split  Into  two  parts,  one  for  viewing  the  output  and  one  for  the  Input.  The  Input  beam  Is  then  split 
Into  two  more  parts.  These  go  through  two  fibers,  one  from  a  set  of  fibers  that  Indicate  the  value  of 
one  Input  number  and  the  other  from  a  set  of  fibers  that  Indicate  the  value  of  the  second  Input 
number.  There  are  several  fibers  positioned  to  allow  several  different  values  for  the  each  Input 
number.  These  are  accessed  Individually  by  directing  the  Input  beam  Into  one  or  another  fiber.  The 
fiber  ends  are  then  positioned  next  to  one  another  on  a  single  fiber-holding  block  as  shown.  Only 
three  fibers  are  shown  In  Figure  8;  the  actual  addition  unit  has  twenty-two  fiber  Inputs  for  base  11 
residue  arithmetic  addition.  The  light  from  the  fiber-holding  block  goes  through  a 
spherical -cyl Indri cal  lens  combination  and  Is  Imaged  to  a  sllt-shaped  Interference  pattern  on  the 
light  valve  Input  side. 

On  the  output  side  of  the  light  valve  the  primary  beam  comes  In  from  the  right  and  Is  Imaged  to  a 
point  on  a  mirror  In  an  Image  plane  to  the  right  of  the  light  valve.  It  then  passes  through  a 
spherical -cyl 1ndr1 cal  lens  combination  onto  a  slit-shaped  pattern  on  the  light  valve.  The  reflected 
light  then  passes  back  through  the  combination  lens  and  1$  reimaged  back  to  the  position  plane  .  Half 
of  the  position  plane  Is  covered  by  the  mirror  and  the  other  half  Is  partially  covered  by  a  half-wave 
plate.  The  reflected  light  then  diverges  and  Is  collimated  to  pass  through  the  Glan-Thompson  prism  at 
the  lower  left.  It  Is  then  reflected  off  the  two  mirrors  outside  the  Glan-Thompson  prism  and 
reimaged,  giving  the  final  output  at  the  right  of  the  prism. 

The  storage  apparatus  Is  shown  In  Figure  9.  The  light  valve  Is  just  to  the  right  of  center  with 
Its  reflective  output  face  showing.  The  circular  configuration  of  the  light  path  Is  shown.  The  read 
beam  comes  In  from  the  lower  left  through  a  pinhole  and  a  Glan-Thompson  prism  and  a  lens  to  the  light 
valve.  The  desired  portion  of  the  light  reflected  from  the  light  valve  Is  again  reflected  by  the 
polarizing  prism  and  two  successive  corner  mirrors,  one  of  which  will  be  semi-transparent.  At  the 
upper  right  It  Is  reflected  again  by  a  polarizing  prism  back  onto  the  Input  surface  or  the  light 
valve.  The  numerical  Information  Is  applied  to  the  loop  through  the  polarizing  prism  at  the  upper 
right  and  the  output  will  be  taken  through  the  semitransparent  mirror.  The  lenses  In  front  of  and  In 
back  of  the  light  valve  are  spherical-cylindrical  lens  combinations  (designated  elliptical  In  Figure 
9)  so  they  provide  horizontal  slit-shaped  patterns  on  the  light  valve.  The  other  two  are  spherical 
Fourier  transform  lenses. 

In  operation,  the  Information  comes  In  from  the  upper  right  In  the  form  of  light  from  two  point 
sources.  These  are  collimated  In  the  horizontal  plane  and  Imaged  In  the  vertical  plane  to  the 
slit-shaped  Input  pattern.  The  light  from  the  read  source  comes  In  through  a  small  aperture  and  the 
polarizing  prism  at  the  lower  left  and  Is  Imaged  by  the  •elliptical"  lens  to  the  corresponding  slit 
shaped  pattern  on  the  output  face  of  the  light  valve.  The  appropriate  polarization  component  of  the 
reflected  light  Is  Imaged  to  two  points  on  the  holographic  grating  lenslet  array  to  maintain  the 
positions  of  the  spots.  One  of  the  two  spatial  sidebands  Is  blocked  at  the  grating  and  the  light  from 
the  other  two  spots  passes  through  the  two  Fourier  transform  lenses  to  be  reimaged  at  the  center  of 
the  side  opposite  the  grating.  It  then  passes  through  the  polarizing  prism  and  elliptical  lens  to  be 
relmaged  Into  the  silt-shaped  grating  on  the  Input  side  of  the  light  valve. 

This  concludes  the  section  on  the  residue  arithmetic  temporal  Integrator.  The  optical  clock  Is 
considered  next. 

6.  OPTICAL  CLOCK 

We  now  go  on  to  consider  the  optical  clock  design.  As  Indicated  this  will  be  similar  In  design 
to  a  simple  electronic  multivibrator.  We  will  consider  first  the  electronic  version,  then 
schematically  Indicate  an  optical  Implementation.  Finally  an  experimental  configuration  will  be 
Indicated. 

The  electronic  circuit  equivalent  to  the  optical  clock  Is  shown  In  Figure  10.  There  we  see  two 
transistors  In  a  bistable  configuration.  In  addition  there  are  delays  represented  by  the  RC  circuits 
feeding  back  from  emitter  to  base.  The  key  Items  are  the  bistable  unit  and  the  delay  elements. 
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The  equivalent  optical  circuit  Is  shown  In  Figure  11a.  This  Is  divided  Into  two  parts  shown  In 
Figures  11b  and  11c.  The  basic  bistable  flip-flop  Is  shown  In  Figure  lib.  There  we  see  two  light 

valves  configured  so  that  the  output  of  one  serves  as  the  Input  to  the  other  and  vice  versa.  In 

actuality  the  symbol  denoting  the  light  valve  represents  only  one  Image  element  of  a  light  valve.  The 
prisms  marked  GT  are  Glan-Thompson  prisms  assumed  to  pass  light  polarized  In  the  plane  of  the  figure 
and  reflect  light  polarized  perpendicular  to  It.  The  light  valve  K.  excitation  Is  set  so  that  with 
the  proper  Input  polarization  and  the  Glan-Thompson  prisms  acting  as  analyzers  on  the  output  side,  a 
dark  Input  gives  a  bright  output  and  conversely  a  bright  Input  gives  a  dark  output.  Thus  a  dark  Input 
to  the  top  light  valve  gives  bright  Input  to  the  bottom  light  valve  which  In  turn  gives  the  dark  Input 
to  the  top  one,  providing  a  consistent  situation.  If  we  Interchange  light  and  dark  then  there  Is 
another  consistent  situation,  giving  the  bistable  unit. 

The  delay  units  are  shown  In  Figure  lie  which  Is  a  copy  of  the  right  hand  side  of  the 
complete  circuit  In  Figure  11a.  There  we  see  two  Identical  loops  both  having  Identical  operation.  In 
the  top  one  light  comes  In  from  the  upper  left  through  the  Glan-Thompson  prism  onto  the  light  valve 
numbered  3,  A  bright  Input  there  causes  the  light  on  the  output  side  to  go  dark  after  one  response 

time  of  the  light  valve.  This  output  Is  then  applied  through  an  analyzer  to  the  Input  of  the  light 

valve  numbered  b.  After  a  second  response  time  the  output  of  that  light  valve  past  the  Glan-Thompson 
prism  then  switches  to  bright. 

The  essential  features  of  the  delay  loop  Is  that  If  the  light  valve  Is  set  up  so  that  the 
Glan-Thompson  prism  Is  reflecting  dark  from  the  top  light  valve  In  the  flip-flop,  then  after  a  delay 

of  two  light  valve  response  times  bright  Is  transmitted  through  the  Glan-Thompson  prism.  Both  of  the 

delay  loops  In  Figure  11c  operate  Identically  providing  the  required  delays  for  both  portions  of  the 
flip-flop. 

The  next  step  Is  to  design  an  optical  configuration  with  only  one  light  valve  Incorporating  the 
six  Image  elements  shown  In  Figure  11a.  This  design  Is  represented  In  Figure  12,  There  we  see  the 
single  light  valve  In  the  center  with  two  optical  loops,  a  square  one  on  the  bottom  and  a  triangular 
one  on  the  top. 

The  square  bottom  loop  Is  the  flip-flop  loop.  With  the  single  lens,  focal  length  f,  positioned  a 
distance  2f  from  the  light  valve,  a  point  on  one  side  of  the  axis  on  the  output  side,  represented  by 
the  dot,  1s  Imaged  onto  the  Input  side  on  the  other  side  of  the  axis,  as  represented  by  the  second 
dot.  The  output  from  that  point  Is  then  Imaged  on  the  first  side  of  the  axis,  onto  the  Input 
corresponding  to  the  original  point. 

The  delays  are  provided  by  the  triangular  loop.  Both  spots  In  the  pair  are  Imaged 

simultaneousely  around  that  loop,  one  spot  corresponding  to  the  top  delay  loop  In  Figure  Uc  and  the 

other  point  to  the  bottom  delay  loop.  Light  from  the  two  spots  on  the  output  side  of  the  light  valve, 
labled  1  and  1'  In  Figure  lla  Is  thus  Imaged  by  the  lens  In  the  right  hand  side  of  the  triangle  onto 
the  mirror  at  the  top  of  the  loop  In  Figure  12.  The  lens  on  the  left  hand  side  of  the  triangle  then 
images  the  spots  back  onto  the  input  to  the  light  valve.  The  corner  mirrors  In  the  triangular  loop 
are  slightly  tipped  so  that  the  spots  are  reimaged  on  the  light  valve  Input  to  points  below  the  plane 
of  the  figure,  points  3  and  3'  in  Figure  lla.  This  also  means  that  light  coming  off  the  output  side 
at  3  and  3'  will  be  Imaged  around  the  triangular  loop  below  the  points  at  3  and  3'  providing  a  third 
pair  of  spots  on  the  light  valve  input,  those  corresponding  to  5  and  5’  In  Figure  lla. 

The  mirrors  at  the  top  and  to  the  left  of  the  triangular  loop  In  Figure  12  are  segmented  to 

return  light  in  the  delay  loop  to  the  original  flip-flop.  The  two  segments  are  divided  by  a 
horizontal  line.  The  segment  of  the  mirror  above  the  line  will  be  tipped  In  a  direction  different 
from  the  segment  below  the  line.  The  pairs  of  spots  Imaged  onto  the  mirror  at  the  top  of  the  triangle 
from  the  first  and  second  times  around  that  loop,  points  3  and  3',  and  b  and  S',  strike  the  mirror 
below  the  dividing  line.  On  the  third  pass  the  pair  of  spots  striking  the  mirror  at  the  top  of  the 
triangular  loop  hit  above  the  dividing  line.  The  top  segment  of  that  mirror  then  directs  the  light 
reflected  off  It  to  the  bottom  segment  of  the  mirror  at  the  left  of  the  loop.  That  mirror  segment  is 

then  oriented  to  direct  the  light  so  as  to  superimpose  It  on  the  Inputs  to  points  marked  1  and  1',  In 

Figure  lla. 

The  preceeding  Is  shown  nicely  in  Figure  13,  a  three -d1  mens lonral  portrayal  of  the  arrangement  of 
Figure  12  ,  Me  see  the  light  valve  In  the  center  of  the  figure.  The  spots  1,  1',  3,  3',  S,  and  S' 
are  shown  on  the  Input  side  of  the  light  valve.  To  the  bottom  Is  the  square  loop  with  Its  one  lens. 

It  Images  spots  1  and  1'  each  back  onto  the  other.  At  the  top  Is  the  triangular  loop  with  Its  two 
lenses  and  segmented  mirrors.  Spots  1  and  1'  on  the  light  valve  output  are  Imaged  onto  spots  2  and 
2'  on  the  lower  part  of  the  bottom  half  of  the  segmented  mirror  at  the  top  of  the  figure,  which  are  In 
turn  imaged  onto  spots  3  and  3'  below  points  1  and  1'  on  the  light  valve  Input.  Similarly  points  3 
and  3'  get  Imaged  to  spots  S  and  S'.  The  light  from  spots  S  and  S'  on  the  light  valve  output  thsn 
goes  to  spots  6  and  6'  on  the  top  segment  of  the  top  mirror,  and  from  there  to  the  bottom  segme  of 
the  left-hand  mirror  and  to  spots  1  and  I'  on  the  light  valve  Input. 

It  Is  noted  that  although  two  passes  around  the  delay  loop  are  shown,  many  more  passes  around  the 
loop  are  possible.  One  merely  raises  the  dividing  line  between  the  two  segments  on  the  top  mirror. 

The  output  can  be  taken  from  any  one  mirror  by  making  It  partially  transmitting.  Alternatively, 
the  beam  transmitted  by  the  right-hand  Glan-Thompson  prism  In  Figure  lla  would  be  an  Ideal  port  since 
the  transmitted  beam  Is  unused  anyway. 

An  actual  experimental  arrangement  Is  shown  In  Figure  14,  drawn  from  a  photograph  of  the 
apparatus.  There  we  see  the  Input  to  the  light  valve  on  the  right  and  other  components  as  Indicated 
In  Figure  13.  The  spots  on  the  light  valve  are  roughly  three  millimeters  In  diameter. 
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As  a  prellialnary  Indication  of  the  operation  of  the  pulser  the  oscilloscope  trace  In  Figure  15  Is 
shown.  There  we  see  a  periodic  waveform  taken  at  the  output  port  of  the  pulser.  The  pulse  rate  Is 
rather  slow.  However,  the  pulse  rate  Is  connected  to  the  response  time  of  the  light  valve.  For  faster 
light  valves  the  pulse  rate  will  be  faster.  Often  In  computing  operations  the  clock  rate  Is  not  that 
of  the  fastest  operation,  so  It  Is  not  necessarily  a  problem  that  the  pulse  period  Is  several  light 
valve  respbnse  tines  In  duration. 

7.  DESIGN  CONSIDERATIONS 

He  now  want  to  present  some  ?nera1  design  considerations.  Specifically  we  want  to  compare  the 
design  for  the  temporal  Integra;.!,  using  residue  arithmetic  with  a  design  for  a  comparable  unit  using 
binary  arithmetic.  He  will  be  Interested  first  In  the  number  of  parallel  units  that  can  In  principle 
be  configured  on  one  typical  light  valve,  and  second  In  the  response  times  of  the  two  configurations. 
To  start  with  we  will  first  estimate  the  number  of  image  elements  required  for  a  given  dynamic  range, 
the  number  of  residue  temporal  Integrators  on  one  light  valve,  and  the  response  time.  Then  we  will 
present  a  temporal  Integrator  design  using  binary  arithmetic  and  estimate  the  same  quantities. 

The  number  of  light  valve  Image  elements  required  can  be  Inferred  from  Figure  6.  There  we  see 
the  complete  temporal  Integrator  configuration  for  one  residue  base.  He  note  that  for  the  top  light 
valve  there  are  2n  Image  elements  required  In  the  Input  plane  for  that  base.  A  simple  calculation 
will  show  that  to  have  the  output  plane  spots  the  desired  size,  there  are  also  2n  Image  elements 

required  on  the  light  valve  Input  plane.  Simarly  for  the  same  base  there  are  n  light  valve  spots 

required  for  each  storage  unit,  making  4n  LCLV  Image  elements  required  per  base.  For  a  number  of 
bases,  call  them  ni,  no,  etc.  there  are  4tn^  Image  elements  required  per  temporal  Integrator,  For  a 
llqht  valve  with  600x600  Image  elements,  a  total  of  Np  parallel  temporal  Integrators  Is  possible  with 
N^  given  by 

Np  -  600^/4i;ni.  (10) 

He  note  that  the  dynamic  range  Is  R-hni  and  that  It  would  require  three  light  valve  response  times  to 

add  one  more  number  to  the  sum  In  memory. 

He  now  consider  the  corresponding  design  using  optical  binary  logic.  The  optical  logic  design  Is 
shown  In  Figure  16.  There  we  see  an  array  of  light  valves  and  optical  rays.  The  design  Is  broken  up 
Into  three  parts,  sum  and  carry  operations  representing  an  adder  and  a  master-slave  accumulator 
representing  the  storage  operation.  He  will  not  dwell  here  on  the  details  of  the  operation  of  the 
unit.  They  have  been  given  el sewhere ' ■• .  Suffice  It  to  say  that  the  sum  and  carry  operations  are 
composed  of  optical  AND  and  exclusive  OH  operations,  and  the  master-slave  flip-flop  Is  composed  of 
simpler  flip-flop  operations.  The  figure  shown  applies  to  one  binary  bit.  One  can  Imagine  that  the 
diagram  would  be  Iterated  above  the  plane  of  the  figure  as  many  times  as  there  are  binary  bits. 

The  main  point  Is  that  to  determine  the  required  light  valve  space  we  note  that  there  are 
thirteen  rays  Intersecting  the  Input  side  of  light  valves.  Implying  that  thirteen  light  valve 
resolution  elements  are  required  per  binary  bit.  Thus  for  a  dynamic  range  of  R«3l>,  I.e.  “b"  bit 
numbers  there  will  be  13b  Image  elements  required  per  temporal  Integrator,  or  N),  total  temporal 
Integrators  possible  on  the  600x600  Image  element  light  valve  where  N|,  Is  given  by 

Nb  -  600Vl3b  (11) 

We  also  note  that  there  would  be  2b  light  valve  response  times  for  each  number  added  to  the  sum,  much 
larger  than  the  residue  arithmetic  case. 

To  compare  the  two  numbers  of  temporal  Integrators  In  terms  of  range  R*  we  form  the  ratio 
approximately  given  by 

Nb/lir  -  4q(R)'^‘’/131og2R  .  (IE) 

Eq.  (12)  applies  best  when  the  residue  bases,  taking  q  of  them  are  closely  spaced. 

As  one  means  of  comparison  we  consider  the  various  residue  base  combinations.  Noting  that  the 
residue  dynamic  range  Is  merely  the  product  of  the  residue  bases,  we  see  that  It  Is  possible  to 
achieve  the  same  range  with  a  few  large  bases  or  more  smaller  bases.  The  two  different  extremes  are 
compared  In  Figure  17  where  we  see  the  dynamic  range  plotted  as  a  function  of  the  ratio  N^/N),.  He  see 
that  for  the  same  nuater  of  temporal  Integrators,  the  range  Is  larger  If  five  small  bases  are  used 
rather  than  three  or  four  larger  ones. 

Another  graphical  comparison  Is  shown  In  Figure  18  where  we  see  plotted  two  curves  as  a  function 
of  dynamic  range  showing  respectively  the  number  of  residue  temporal  Integrators  and  the  number  of 
binary  temporal  Integrators.  He  note  that  for  small  dynamic  ranges  the  number  of  residue  Integrators 
Is  slightly  larger,  with  the  number  becoming  equal  for  larger  dynamic  ranges.  Thus  we  note  that 
roughly  speaking  the  two  schemes  are  comparable.  The  telling  Item  Is  the  response  time.  For  sixteen 
bit  nuiAers  the  residue  temporal  Integrator  Is  a  factor  of  ten  faster,  mainly  due  to  the  ripple  carry. 
These  numbers  can  not  be  ottered  as  conclusive.  However  they  do  provide  an  Indication  of  how  the 
trends  might  be  expected  to  go. 
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8.  HATRIX  VECTOR  HULTIPLIER 

Me  now  consider  a  design  for  a  somewhat  different  apparatus,  namely  an  optical  matrix  iwiHIpller. 
The  design  uses  as  In  the  previous  devices  a  Hughes  liquid  crystal  light  valve  and  the  residue 
arithmetic  representation.  It  further  uses  position-coded  Information  which  Is  Intended  to  come  In 
through  optical  fibers.  It  has  the  further  restrictions  that  It  operates  only  on  matrices  that  have 
at  most  on  element  per  row.  The  position  coding  Is  chosen  so  that  the  Input  format  Is  the  same  as  the 
output  format  so  such  units  can  be  cascaded.  The  unit  Is  Intended  to  take  In  a  set  of  numbers 
representing  the  values  of  the  components  of  a  vector,  call  It  F.  Each  of  these  components  Is  then  to 
be  multiplied  by  the  corresponding  elements  of  a  matrix,  call  It  matrix  a,  generating  the  products 

In  the  description  of  the  multiplier,  we  first  present  the  table-lookup  multiplication  procedure, 
then  the  operating  principle.  This  will  be  followed  by  the  Input  and  output  coding  arrangement  and  a 
view  of  the  device  for  a  single  residue  representation  will  be  presented.  Finally  the  approach  for 
extending  the  scheme  to  a  residue  representation  with  an  arbitrary  number  of  moduli  will  be  Indicated. 

The  actual  numerical  multiplication  Is  performed  using  a  table-lookup  mapping  technique^, 

This  Is  Illustrated  at  the  left  In  Figure  19  where  we  see  two  mappings.  The  Inputs  for  each  mapping 
are  on  the  left  and  outputs  are  on  the  right  with  the  Interconnections  shown  as  lines  .  Mappings  for 
multiplication  and  addition  are  one-to-one  and  thus  are  unique.  Shown  In  the  figure  are  mappings  for 
multiplication  by  one  and  by  four  for  the  residue  modulus  nine.  For  example  seven  multiplied  by  four 
would  be  twenty-eight  In  the  decimal  number  system.  In  the  residue  number  system,  modulo  nine,  Che 
result  Is  one.  Thus  In  the  table,  the  Input  of  seven  leads  to  the  output  of  one. 

The  maps  representing  the  tables  are  also  shown  In  Figure  19.  The  Input  Is  represented  along  the 
vertical  axis  and  the  output  Is  represented  on  the  horizontal  axis.  For  modulus  nine  the  table  has 
size  nine  by  nine  representing  Integers  zero  through  eight.  The  spot  in  each  row  Indicates  the 
connection  between  Input  and  output.  Thus  the  spot  in  the  row  corresponding  to  Input  seven  Is  In  the 
column  corresponding  to  an  output  value  of  one.  The  fact  that  there  Is  one  and  only  one  spot  In  each 
row  Is  the  Indication  that  the  mapping  Is  one-to-one. 

The  basic  operating  principle  for  the  multiplier  Is  Indicated  In  Figure  ?0.  There  we  see  a 
liquid  crystal  light  valve  on  the  right  with  Input  beams  on  the  left  and  a  special  mirror  to  Its 
right.  The  mirror  Is  defined  for  the  purpose  of  Illustration  and  will  be  replaced  with  more  easily 
obtainable  apparatus  later.  It  has  the  property  that  light  of  one  polarization,  say  the  plane  of  the 
page.  Is  transmitted  through  It  and  light  of  the  other  polarization,  perpendicular  to  the  plane  of  the 
page.  Is  reflected  back  off  It.  The  light  valve  has  the  property  that  with  zero  Input  intensity  It 
leaves  the  plane  of  polarization  unchanged.  With  maximum  Input  Intensity  It  acts  like  a  half-wave 
plate,  rotating  the  plane  of  polarization  by  ninety  degrees. 

In  operation,  a  read  beam  of  light  polarized  In  the  plane  of  the  figure  comes  In  from  the  right. 
Is  transmitted  by  the  mirror  and  is  Imaged  onto  the  light  valve  at  the  position  where  the  top  Input 
beam  Is  Incident  on  the  opposite  side.  The  light  valve  thus  changes  the  polarization  plane  so  that 
the  light  reflected  off  the  light  valve  then  reflects  off  the  mirror  back  to  a  position  on  the  light 
valve  where  there  Is  no  Input  spot.  With  no  Inputs,  the  polarization  remains  unchanged  so  the  beam 
continues  to  bounce  back  and  forth  between  the  light  valve  and  the  mirror.  After  the  desired  number 
of  reflections  another  spot  of  light  Is  applied  to  the  Input  side  of  the  light  valve.  This  again 
rotates  the  polarization  plane  by  ninety  degrees  and  the  light  Is  transmitted  through  the  mirror.  The 
net  result  Is  that  the  spot  Is  translated  a  number  of  units  sideways,  depending  on  the  position  of  the 
second  beam  on  the  Input  side.  This  procedure  corresponds  to  moving  along  a  line  In  the  maps  on  the 
left  side  of  Figure  19. 

A  simple  matrix  multiplication  scheme  using  this  approach  Is  shown  in  Figure  El.  There  we  again 
see  the  light  valve  and  the  polarizing  mirror.  Light  can  come  In  through  any  one  of  a  vertical  column 
of  Input  positions  shown  to  the  right  of  the  mirror;  the  vertical  position  indicates  the  numerical 
value.  The  light  coming  In  has  a  polarization  such  that  It  passes  through  the  mirror.  Upon  the  first 
light  valve  reflection,  the  polarization  Is  rotated  so  that  It  reflects  off  the  mirror  bouncing  back 
and  forth  between  the  light  valve  and  the  mirror.  The  number  of  bounces  In  a  given  row  Is  determined 
by  the  second  light  valve  Input  spot,  the  position  of  which  Is  determined  by  the  mapping  of  the  type 
shown  In  Figure  19.  After  the  light  is  transmitted  through  the  polarizing  mirror.  It  Is  directed 
towards  the  horizontal  axis  by  the  cylindrical  lens.  The  output  value  Is  then  Indicated  by  the 
position  along  the  horizontal  output  axis. 

The  light  for  the  Input  from  the  left  of  the  light  valve  Is  Intended  to  come  from  a 
microprocessor-control  led  CRT.  It  Is  assumed  that  the  Information  on  the  matrix  elements  Is  stored  in 
the  microprocessor  and  needs  to  be  changed  relatively  infrequently.  The  light  coming  to  the  Input 
plane  at  the  right  could  well  come  In  through  multimode  fibers.  The  multiplication  proceeds  with  the 
speed  of  light,  with  an  a  new  residue  product  as  often  as  a  new  Input  appears  In  the  column  of 
possible  Input  vector  positions. 

A  more  practical  configuration  Is  shown  In  Figure  ZZ.  There  we  see  the  light  valve  to  the  left  of 
the  center  of  the  figure  with  an  Input  CRT  to  Its  left  and  optical  circuitry  to  Its  right.  The 
numerical  Information  Input  Is  shown  at  the  upper  right  and  output  at  the  lower  right.  The  light 
comes  In  through  the  tilan  Thompson  polarizing  prism  with  lenses  on  each  side  of  It,  The  prism  Is  one 
focal  length  from  the  light  valve  and  one  focal  length  from  the  Input  plane  so  that  the  light  Is 
collimated  In  the  polarizing  prism.  In  actuality  the  glass  In  the  prism  should  be  taken  Into  account 
so  that  the  prism  with  the  two  lenses  should  be  treated  as  a  single  thick  lens  with  the  light  valve 
and  Input  planes  In  Its  focal  planes.  The  prisms  are  Intended  to  pass  light  polarized  In  the 
horizontal  plane  and  reflect  light  polarized  In  the  vertical  plane. 
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In  operation  an  Input  spot  of  light  Is  Imaged  onto  the  light  valve  by  the  polarizing  prism  lens 
at  the  top  of  the  figure.  Only  the  polarization  component  passing  through  the  prism  Is  retained.  The 
polarization  Is  then  rotated  by  the  light  valve  so  that  It  Is  reflected  by  the  polarizing  prism  In  the 
second  polarizing  prism-lens  combination.  It  Is  then  reflected  off  a  diagonal  mirror  and  reimaged 
onto  the  mirror  at  the  far  right.  There  Is  a  field  lens  In  front  of  that  mirror  for  light  management 
purposes.  The  light  then  goes  to  a  second  diagonal  mirror,  reflects  off  the  top  prism-lens 
combination,  and  Is  Imaged  again  onto  the  light  valve.  The  second  diagonal  mirror  Is  tipped  so  that 
the  second  spot  on  the  light  valve  Is  slightly  displaced  horizontally  thus  providing  the  second  spot 
In  the  row  of  spots  corresponding  to  that  In  Figure  21.  Mhen  the  spot  has  been  displaced  the 
requisite  number  of  positions,  an  Input  to  the  light  valve  again  causes  the  polarization  to  be  rotated 
so  that  It  passes  straight  through  the  bottom  polarizing  prism  into  the  cylindrical  lens  to  the  output 
plane  as  In  Figure  21. 

A  few  Items  might  be  mentioned  about  the  scheme  Just  described.  It  Is  designed  for  finite  size 
mappings  representing  full  connection  or  no  connection.  It  works  well  with  any  mapping  such  as  those 
required  by  the  residue  arithmetic  transformations.  It  Is  less  versatile  than  previous 
matrix-multiplication  schemes'*  but  has  much  lower  light  loss.  In  that  sense  It  would  operate  well  as 
the  distribution  mapping  In  the  computer  switching  system  of  Clymer'T. 

The  preceding  has  been  the  multiplication  unit  for  one  residue  base.  In  practice  a  number  Is 
represented  by  three  or  more  residue  bases.  We  now  extend  the  situation  to  Indicate  the  coding  for 
more  than  one  residue  base.  One  might  ask  how  this  fits  Into  the  complete  matrix-multiplication 
scheme.  The  approach  Is  Indicated  In  Figure  23.  There  we  see  the  complete  matrix  multiplication  unit 
symbolically  presented.  The  Input  vector  Is  shown  on  the  left  with  the  vector  elements  divided  Into 
three  sets  of  spots,  each  representing  a  residue  modulus.  The  Implication  Is  that  there  would  be 
three  units  like  those  just  described,  one  physically  above  the  other.  The  box  labeled  'mapping* 
contains  the  mappings  and  the  a(j  generator.  Indicating,  as  mentioned,  that  the  mapping  Is  generated 
In  the  microprocessor  controlling  the  CRT  Input  to  the  multiplication  units.  The  output  of  the 
multiplication  units  Is  a  set  of  products,  the  »nbj,  as  Indicated.  These  form  the  Input  to  an 
addition  unit  similar  to  the  one  discussed  In  section  3.  As  would  be  expected  each  awb.  product  Is 
still  represented  as  the  set  of  three  residues.  The  spots  representing  the  aijbj  products  are  shown 
vertically  In  Figure  23,  symbolically  representing  the  output  of  a  multiplier,  although  those  shown  in 
the  output  plane  of  Figure  22  are  horizontally  arrayed. 
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Figure  1.  Block  diagram  of  residue  temporal  Integrator. 
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Figure  2.  Optical  Residue  adder 


Figure  3.  Addition  unit  base  casting 
mechanism  using  a  Gian 
Thompson  polarizing  prism. 
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Figure  4.  Optical  residue  storage  unit. 
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Figure  S.  Graph  showing  relation  of  Input  to  output  spots 

a.  with  no  lenslets 

b.  with  lenslets. 
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Figure  10.  Equivalent  electrical  circuit. 
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Figure  11a.  Basic  configuration. 
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Figure  lib.  Sketch  of  flip-flop  loop. 
11c,  Sketch  of  delay  loops. 
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Figure  12.  Schematic  iHustration  of  optical  conf igurat Ion. 
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Figure  Ij.  Sketch  showing  optical  layout. 


Figure  14,  Sketch  of  actual  apparatus. 
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A.Lohmann,  Gc 

1  ihink  one  wa>  for  advancing  ihe  art  of  optical  computing  is  to  find  problems  where  the  electronic  people  arc  in  trouble 
and  only  we  can  solve  the  problems.  So.  for  example,  one  prtijeci  we  have  worked  on  involved  triple  correlaiu>ns  1  ripk 
correlations  are  very  gocxJ  for  some  signal  prtKCSsing  purposes,  but  they  are  very  computationally  intensive  They  can 
be  done  optically,  so  that  is  one  example.  So  encourage  everyone  to  come  up  with  problems  that  are  difficult  for 
electronics  that  helps  us  to  get  more  support! 

The  Hopfield  model,  which  Hyatt  Gibbs  just  mentioned,  is  one  of  those  things.  I  he  Hopfield  model  is  a  model  of  the 
human  memory .  It  even  includes  a  feature  of  learning  and  the  feature  of  slowly  forgetting  and  relearning  and  other 
things.  It  s  basically  a  parallel  model.  The  parallelism  of  that  particular  minlel  is  essential.  It  consists  of  a  kMiping  system 
—  a  data  mixing  and  interconnection  step  and  then  a  nonlinear  step  which  does  simply  hard  clipping  or  almost  hard 
clipping.  So  it's  a  project  which  Demetri  Psaltis  realized  can  be  very  easily  implcmenied  optically  or  at  least  it  has  gcnid 
chances  so  1  think  that’s  one  of  the  things  we  should  work  on.  People  are  always  talking  about  these  super-knowledge 
base  systems  of  the  future  for  w  hich  MITI  wants  to  spend  so  much  money  Well,  the  Hopfield  model  is  a  good  indicator 
of  a  problem  one  should  work  on:  optics  has  a  good  chance  of  doing  some  of  these  interesting  futuristic  projects 
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H.Gibbs,  US 

I  may  be  in  danger  of  having  my  inielligcnce  considered  lo  be  artificial  in  this  subject,  but  it  seems  to  me  that  A. I.  is  an 
important  application.  We  re  beginning  to  go  in  that  direction.  The  evolution  of  prtKessors  may  not  necessarily  be 
loward.s  digital  computation,  but  it  may  be  towards  image  recognition.  Hopfield  has  a  theory  of  how  the  brain  actually 
operates  with  massive  interconnections,  and  Psaltis  is  trying  to  construct  a  model  using  optics  that  would  mimic  this 
kind  of  thing.  Somehow  man  decides  whether  it's  a  friend  or  an  enemy  that  comes  into  the  cave  rather  quickly  and  not  in 
a  serial  kind  of  fashion.  I  think  to  the  extent  that  optical  computers  lend  themselves  to  this  kind  of  massive  parallel 
eomparisons  and  conclusions  it  may  he  that  that  will  be  its  eventual  real  strength. 

D.Bosman,  Ne 

Maybe  I  didn't  make  myself  clear.  When  1  say  that  a  hundred  samples  per  second  is  sufTicient.  that  means  complete 
calculations.  If  one  uses  a  pipeline  structure  where  a  number  of  processors  do  subsequent  priKessjng.  and  if  this 
pipeline  structure  is  1 2  to  1 5  processors  long,  then  if  you  would  care  lo  minimize  size  and  weight,  etc.,  then  you  might 
go  for  a  higher  data  rate,  multiplexing  all  the  separate  functions  in  one  general  purpose  type  of  computer.  So  internally 
in  the  computer  it  might  be  2(1  times  faster  than  what  your  actual  input  and  output  rate  is. 

I  nidenlified  Speaker 

And  the  requirements  and  accuracy  inside  the  computer  and  inside  the  algorithm,  depending  very  much  on  what  you 
are  going  to  do.  might  be  much  higher  than  the  accuracy  of  your  input  data. 

S.D.Smilh.UK 

But  the  encouraging  thing  about  the  comments  is  that  Hyatt  and  I  would  say  the  interferenee  filler  devices  will  be  fast 
enough  to  do  things  1 11(1  times  per  second.  I  would  say  we  could  process  a  complete  picture  through  several  stages  at 
1  (1(1  times  a  second.  That  means  —  it's  i  ery  important  —  that  means  that  we  don't  have  to  go  for  nanosecond  time  scales 
in  (he  first  stage  —  we  can  work  with  microsecond  time  scales  which  looks  like  a  much  more  practical  proposition.  .So 
that's  a  very,  very  valuable  comment  from  the  pair  of  you,  I  think. 

A.Ixihmann,  (ie 

I  have  another  comment  that's  been  mentioned  by,  I  think.  Professor  l.ohmann  and  yourself  as  well  about  the  famous 
von  Neumann  bottleneck  which  is  usually  referred  lo.  fhe  amount  of  parallel  operations,  parallel  cables  and 
w  hatsoever  could  be  reduced  by  this.  I  try  to  defend  von  Neumann.  There's  another  point;  the  way  the  von  Neumann 
computer  is  thinking  is  exactly  the  way  human  beings  are  used  to  thinking,  and  maybe  there's  another  point  that  inhibits 
the  development  of  all  these  parallel  structures:  namely,  that  the  human  brain  is  not  capable  of  exploiting  these  parallel 
stniedires  (or  general  purposes. 

(  nidcntiried  Speaker 

I  d  like  to  comment  on  the  comparisons  which  are  being  made,  or  have  been  made  this  afternoon  between  optical 
processing  and  electronic  priKcssing.  These  have  iKcn  almost  entirely  on  the  basis  of  whether  we  need  the  additional 
power  —  or  speed  —  of  an  optical  processor.  It  seems  lo  me  that  for  many  avionic  applications  there  is  another 
characteristic  which  is  equally,  or  more  important,  and  that  is  the  integrity  of  computation.  I  think  this  is  fairly  obvious 
—  there  arc  many  applications  where  integrity  is  of  enormous  importance.  So  really  the  question  Tm  asking  is  what  w  ill 
the  opti.  .1  computer  offer  us  in  terms  of  improved  integrity,  either  because  the  basic  elements  of  which  the  computer  is 
manufactured  are  themselves  inherently  of  very  high  integrity  or  because  there  is  such  a  lot  of  parallelism  you  can  build 
in  enormous  safeguards  against  malfunction.  Rilherof  those  lw<i,  I  think,  would  offer  some  really  inleresimg  potential 
applications. 

.I.P.Dakin.  UK 

Professor  Lohmann  satisfied  my  previous  question  about  the  diffraction  but  he  raised  another  question  relative  to 
integrity  and  that  is;  these  Rabry-Perot  devices  are  by  their  nature  highly  reflex'live  and  when  you  cascade  numerous 
systems  with  lenses  to  fiKus  these  in  a  forward  direction  clearly  reflected  energy  will  be  focused  back  in  the  reverse 
direction.  There  will  be  numerous  of  these  cascaded  with  numerous  opportunities  for  levels  to  build  up.  Has  anyone- 
analyzed  the  effects  of  reflection  in  such  systems,  especially  cascaded  systems? 

A.Iaihmann,  Ge 

Yes.  there  are  some  isolators  that  can  solve  this  problem;  one  is  a  Faraday  trap  which  you  use  in  connection  with 
polarization.  A  Faraday  trap  is  a  device  w  here  light  goes  through  in  one  direction  but  cannot  return  the  other  direction 
So  inserting  Faraday  light  traps  would  solve  this  problem,  or  at  least  contribute  to  the  solution  of  this  problem. 

S.D.Smilh.  UK 

There's  another  way  tixi  you  can  go  about  it  —  Andy  Walker  talked  about  off-axis  address  and  working  in  reflection 
and  one  can  avoid  the  beam  coming  back  —  in  fact.  I  was  going  to  just  quote:  somebody  said  we  ought  to  have  an 
opponent  in  electronics.  We  do  have.  Robert  W.Keys  writes  excellent  articles  at  regular  intervals  saying  it's  all  rubbish, 
but  he  makes  remarks  like  that  —  that  optical  compvinenls  will  be  liable  to  beams  coming  back  and  interfering  with 
things.  Well  you  can  certainly  arrange  the  geometry  so  that  that  doesn't  happen,  although  it  isn't  trivial,  and  of  course 
there  arc  Faraday  Isolators,  He  also  made  remarks,  for  example  in  his  paper,  he  said  transistors  all  so  easily 
accommodate  varying  fan-out  and  fan-in  and  offer  excellent  isolation  of  input  from  output.  Optical  logic  elements  do 
not  share  these  desirable  qualities.  I  suggest  that  that's  absolutely  wrong.  So  I  mean  our  opponent  is  being  extremely 
useful  in  putting  up  statements  like  that  which  were  true  in  concept  a  year  ago.  but  aren't  true  anymore.  We  can  sec  our 
way  round  these  completely  and  indeed  fan-out  and  fan-in  may  be  brilliant  in  optics. 


D2-.1 


Unidentified  Speaker 

I  would  like  to  comment  on  this.  If  you  are  talking  on,  say,  intelligent  methods  for  adaptive  methods  for  general  or 
clutter  or  whatever  supression  these  methods  are  very  sensitive  and  the  problems  increase  with  increasing  order  of  the 
matrix.  You  know  the  problem  —  you  are  talking  about  1000  x  1000  matrix  and  try  to  invert  this  I  think  it’s  a  hard  job. 
either  with  electronic  or  optical  computers,  so  be  careful.  On  the  other  hand,  there  are  concepts  for  radars  with 
omnidirectional  transmission  and  these  require  parallel  forming  of  all  the  beams  and  this  is  also  very  gotxl  application 
for  optical  systems. 

Unidentified  Speaker 

Generally  in  numerical  computation  the  faster  the  computer  computes  the  more  complicated  a  computation  sometHxly 
wants  to  do  —  (they  want  to  do  a  bigger  matrix  — );  the  bigger  the  computation  you  do.  generally  the  larger  the 
wordlength  you  need  because  there’s  more  opportunity  to  be  subtracting  numbers  that  are  of  similar  size  and  getting 
into  roundoff  errors,  so  the  faster  you  make  the  machine  the  longer  the  wordlength  requirements.  So  people  who  do 
modelling  on  Vax  computers  almost  invariably  do  everything  in  double  precision.  A  .12-bit  floating  point  is  not  all  they 
want;  they  need  the  extra  size.  To  some  extent,  as  you  make  the  computer  faster,  you  are  going  to  need  longer 
wordlengths.  People  would  like  to  have  the  flexibility  to  change  the  algorithms  even  in  future  weapon  systems  so  there  is 
some  interest  in  having  the  floating  point  even  in  signal  processing  application  even  though  there  may  be  a  penalty,  a 
severe  penalty,  in  performance  at  the  time,  it  then  gives  flexibility  to  change  all  those  algorithms  for  more  advanced 
algorithms  next  year  without  redoing  a  lot  of  equipment. 

S.D.Smith,  UK 

May  I  say  just  one  more  word  about  this  —  Professor  Lohmatm  raised  the  que.stinn  of  inputting.  1  believe  we've  already 
reached  the  point  whereby  showing  that  you  can  actually  get  incoherent-coherent  conversion  in  these  nonlinear  devices 
which  is  likely  to  expand  and  spread  amongst  them,  that  you  really  can  put  an  awful  lot  of  information  into  such  an 
array  which  we  can  be  sure  can  be  done  now.  You  can  also  put  it  in  with  a  diode  array  if  you  want  to.  and  you  can  also 
put  it  in  with  some  sort  of  optical  scan  so  that  inputting  looks,  in  an  initial  set  of  data,  very  possible.  I'd  like  to  re- raise 
Hyatt’s  point.  Having  put  it  in  once,  what  sort  of  cycling  rate  interests  people  to  do  things  w  ith  it;  and  is  there  any 
military  interest  in  putting  something  like  an  image  into  something  like  this?  Then  what  would  you  like  to  do  with  it? 

Unidentified  Speaker 

I'm  speaking  for  the  radar  community.  We  would  be  happy  to  have  complex  matrix  algebra  of  the  well-known 
algorithms  at  a  rale  of  about  I  to  several  megahertz. 

S.D.Smith.  UK 

So  you'd  like  complex  matrix  algebra  at  a  rale  of  about  a  megahertz.  Thai's  an  interesting  comment  already  and  quite 
helpful. 

H.Gibbs.  US 

I'm  not  sure  how  that  translates  —  I  mean,  if  we  talk  about  one  of  these  interference  filters  a  million  pixels  in  parallel 
going  at  lU  kHz  then  you  can  do  perhaps  1(1"'  bits  per  second  but  I  don't  know  whether  that's  useful  or  not.  because  I'm 
not  sure  what  you're  going  to  dt>  with  it... 

J.Forrest,  UK 

Can  I  come  back  on  that  one  Kxi  —  in  the  sense  that  I  think  the  systems  people  need  to  do  a  lot  of  thinking.  It's  not  only 
fundamental  thought  on  the  optical  logic  because  1  do  worry  about  the  situation  where  we  could  gel  hold  of  this  kind  of 
processor  and  we  end  up  by  digitizing  everything  in  sight  with  a  vast  number  of  parallel  beams.  And  if  we  compare  with 
what  the  human  eye  docs,  it  actually  has  only  one  high  resolution  agile  beam.  It  has  a  very  w  ide  field  of  view  with 
relatively  low  resolution  prrK-essing  which  may  be  enhanced  in  certain  ways.  It  uses  this  information  very  intelligently  so 
as  not  to  overload  subsequent  processors.  I  think  we  need  from  the  system  angle  not  just  to  think;  here  is  something  that 
could  give  us  1 0  "  bits  per  second.  I  think  the  key.  as  you  mentioned  Mr  Chairman,  is  in  the  parallelism  and  perhaps  in 
using  this  intelligently.  We  may  not  indeed  want  the  1 6  bits  —  we  may  be  quite  .satisfied  with  1  or  2  bits  —  but  at  a  fairly 
rapid  rate  and  perhaps  with  some  degree  of  preprocessing  done  in  the  system  to  ease  the  burden  on  subsequent  parts  of 
the  chain. 

I  Unidentified  Speaker 

I  think  that  a  lot  of  computation  can  be  done  at  the  very  slow  rale.  When  you  present  images  to  the  pilot,  it  is  not 
necessary  to  compute  more  than  let's  say  .SO  times  per  second.  For  missile  guidance;  1  think  that  slow  rates  may  be 
sufficient  around  100  limes  per  second  or  a  little  more,  but  it  may  be  not  necessary  to  think  about  very  high  rates. 

D.Boaman,  Ne 

I  would  like  to  amplify  the  previous  speaker's  statement.  Not  talking  about  a  radar  environment  where  you  might  want 
to  supervise  more  than  100  aircraft  simultaneously,  if  you  ItMik  at  the  aircraft  as  such  it  has  its  own  vehicle  dynamics 
which  svill  determine  the  sampling  rale  of  the  calculations.  I  agree  lhal  aNiut  100  samples  per  second  —  but  not  just 
pixels,  complete  pictures.  It's  sufficient. 


I  1  ■' 


S.D.Sinith,  UK 

Perhaps  I  can  add  to  Professor  Lohmann's  remarks  by  saying  that  if  you  do  it  with  holograms  it  is  worth  noting  that 
using  so-called  degenerate-four-wave  mixing  you  have  a  real  lime  hologram  and  so  that  could  be  programmed  in 
principle.  There  are  various  ways  in  which  that  could  be  done.  That  function  it.scif  could  be  optically  programmed  and 
that’s  certainly  feasible  at  the  moment.  That’s  perhaps  worth  considering. 

H.Gibbs,  US 

In  terms  of  trying  to  develop  a  parallel  optical  processor.  I’d  like  to  ask  the  question  of  how  many  pixels  in  parallel  do 
you  need  to  be  interesting?  Is  it  1 0*,  1  O',  or  1 0"  and  in  addition  what  cycle  lime,  what  rate  do  you  really  need  7  We 
talked  about  a  100  MHz  rate,  but  maybe  a  kHz  is  interesting?  Are  there  people  involved  enough  in  parallel  signal 
processing  that  they  could  guide  those  of  use  who  come  from  optical  logic  individual  devices  in  what  we  should  really  be 
thinking  about? 

S,D.Smith,  UK 

Well,  Hyatt’s  point  was  similar  to  that  one  which  we  wrote  down.  I  just  put  it  up  to  emphasize  it.  Can  anyone  from  the 
military  or  electronics  side  or  data  prtKessing  side  say  what  they  think  would  be  an  interesting  demonstration?  I  think 
his  point  is  a  very  good  one. 

E.Spitz,  Fr 

The  data  rate,  for  instance,  in  a  phased-array  radar  is  usually,  say  several  MHz  per  channel,  and  the  number  of  channels 
can  vary  between  several  hundred  and  several  thousand.  That's  a  typical  data  input  rate 

A.W.Lohmann,  Ge 

’There  are  basically  two  types  of  parallelism.  You  are  referring  to  one-dimensional  parallelism  which  is  very  suitable  if 
you  are  dealing  with  temporal  data  which  you  for  example  want  to  convolve  continuously  as  is  the  case  for  radar  signal 
pr(x:essing  In  image  processing  two-dimensional  parallel  processing  is  desirable  because  semantically  the  connection 
between  different  pixels  is  of  a  two-dimensional  nature.  I  would  say  typically  something  that  can  be  considered, 
something  like  an  image  or  at  least  which  is  large  enough  to  include  a  total  image  feature,  is  maybe  of  the  order  of  1 2H  x 
1 28  pixels,  so  if  the  first  optical  computer  can  handle  1 28  pixels  squared  then  it  can  really  handle  something  that  has 
recognizable  pictorial  features.  And  the  lime  constant  in  the  first  instance  maybe  should  not  be  very  short  because  you 
run  into  many  synchronization  problems  which  you  would  probably  like  to  avoid  in  the  first  run.  On  the  other  hand,  of 
course,  nonlinearilies  get  stronger  if  you  compact  your  energy  both  in  lime  and  space. 

H.Gibbs,  US 

What’s  the  time? 

A,W.Lohmann,  Ge 

Well,  a  hundred  MHz  rale  is  quite  all  right  for  the  beginning. 

Powers 

I  think  in  regard  to  many  of  the  phased  array  requirements  at  present  one  could  say  that  vsiih  the  syiems  that  are  being 
conceived  or  are  being  built  there  isn’t  quite  the  requirement  for  this  prrxcssing  rale.  One  is  talking  about  relatively  few 
multiple  beams  and  not  vast  numbers  of  elements.  But.  of  course,  one  of  the  big  requirements  tor  Ihe  future  is  the 
possibility  that  one  could  rapidly  adapt  beam  patterns  particularly  to  cancel  out  inicrIVrence  And  Ihe  traditional  way  of 
adapting  such  an  antenna  pattern  would  be  to  change  the  phase  and  amplitude  distributions  right  across  the  whole 
aperture.  So  one  is  then  asking,  effectively  in  real  time,  and  one  is  talking  about  the  time  constants  at  which  interference 
sources  can  change  which  is  well  under  the  microsecond  level,  to  work  out  a  new  distribution  for  perhaps  thousands  ol 
elements.  ’The  classical  algorithms  on  this  involve  matrix  inversion,  so  unless  one  can  find  better  w  ays  of  doing  this  you 
are  talking  about  inverting  vast  matrices  in  real  time,  matnees  which  arc  thousand  by  thousand  elements.  The  kind  of 
processing  rales  that  this  requires  are  beyond  the  current  digital  capabilities  and  are  certainly  into  this  sort  of  range.  So 
here  it  does  strike  me  as  a  real  requirement  that  might  use  this  kind  of  technology,  fhere  has  been  consideration  of 
course,  by  a  number  of  groups  —  Dave  Cassesani  has  talked  aNiul  this  sort  of  application,  for  analog  optical 
processors.  But  the  problem  there,  of  course  you  can  indeed  do  matrix  inversions  of  this  kind  of  size  very  rapidly,  bul 
not  accurately  enough  and  this  strikes  me  as  the  point  where  you  really  do  need  the  enhanced  dynamic  range  or 
accuracy  that  you  could  gel  from  a  i/rgiro/oplical  system 

S.D.Sinhh.  UK 

Before  you  go  away,  could  you  say  a  little  bit  more  about  this  about  what  this  would  imply  from  what  you’ve  heard  of 
what  we  are  doing  —  this  question  of  Ihe  high  dynamic  range’.’  How  many  digits  do  we  need  and  that  sort  of  thing? 

Powers 

Y ex.  Well  I  think  you’re  really  talking  about  I  b  bits  for  many  of  these  systems.  ’That’s  just  to  give  a  ballpark  figure  here, 
because  to  get  the  kind  of  sidelobe  levels  for  antennas  that  are  typically  discussed,  like  41)  dB  or  better,  one  is  talking 
about  precisions  of  the  order  of  a  few  degrees  of  phase.  i>r  sometimes  better  and  a  few  tenths  of  a  dB  in  amplitude.  So 
you  are  talking  about  l°/o  or  belter  and  this  leads  you  into  these  sorts  of  orders  of  magnitude  of  I  b  bit  priKessing. 
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EEC  PROJECT  DISCUSSION 


I'nMcntUM  Speaker 

To  me  x'  is  something  which  has  real  meaning  only  for  processes  in  which  the  lime  you  are  interested  in  is  long 
compared  to  any  natural  resoiuuice  lime  in  the  medium.  It  is  extremely  relevant  if  your  are  talking  about  solilon 
propagation  in  fibres  where  we  know  the  effects  on  the  picosecond  lime  domain  are  still  slow  compared  to  the  response 
of  the  fibre.  You  can  model  everything,  and  it  works  out  beautifully.  But  it  does  seem  to  me  that  in  many  of  the 
applications  in  which  you  are  using  it.  that  is  true  for  the  experiments  that  are  done  at  almost  D.C.;  but  it  is  not 
necessarily  true  at  the  rales  for  which  you  would  wish  to  use  the  device,  since  the  actual  processes  that  you  are  invoking 
to  prtxiuce  what  I  would  say  is  a  pseudo  x '  effect  arc.  in  fact,  perfectly  real  transitions  with  real  changes  in  absorption 
spectra  and  in  refractive  index.  It  might  he  better  to  simply  slick  to  that  as  a  notation  which  then  automatically  highlights 
the  tempsvral  dependence  of  those  effects,  leading  directly  into  a  device  modelling  which  will  tell  whether  or  not  it  will 
work  in  a  particular  regime. 

S.O.SnHh,  UK 

Should  I  respond?  Yes,  he  is  quite  right.  The  only  real  reason  for  introducing  the  x'  is  to  make  comparison,  I  think.  And 
of  course  there  is  a  lot  to  he  said  about  the  ttme  scales.  It  gets  interesting  when  the  time  scale  gives  the  possibility  of  a 
coherent  response  of  the  system  and  one  would  have  to  have  a  proper  description  in  terms  of  x'.  but  for  device 
purposes  you  can  lump  it  together  as  a  nonlinear  index.  You  can  usually  compare  by  just  turning  it  into  the  dimensions 
of  x  '.  But  your  comment  is  quite  right.  The  time  scales  have  to  be  fed  in  properly  and  defined. 

I'nidenlilicd  Speaker 

Can  I  ask  everyone  a  questton  on  the  forefront  of  making  real  devices  from  nonlinear  etalons?  I  raised  the  question 
yesterday  in  my  talk  about  whether  or  not  we  want  to  avoid  threshold  logic.  An  awful  lot  of  people  seem  to  talk  about 
making  AND  gates  by  just  adding  signals  together  to  the  level  that  they  will  switch.  Talking  to  electronics  people,  this  is 
just  not  the  way  you  should  do  it.  Can  one  rule  that  approach  out  totally,  or  would  there  be  circumstances  in  which 
threshold  logic  would  be  an  acceptable  approach  to  designing  a  useful  machine?  Has  anyone  got  any  response  to  that? 

Cnidcnliflcd  Speaker 

Let  me  offer  one  trivial  response.  It  surely  depends  on  how  accurately  you  have  control  of  your  amplitudes,  i.e..  if  the 
signals  have  already  been  hard  limited  before  you  go  through  the  add  and  threshold  stage,  it's  fine  —  if  you  haven't,  it 
isn't, 

I  nMentlAed  Speaker 

Yes.  that  obviously  is  the  point,  and  of  course  in  electronics,  one  avoids  having  to  be  that  fussy  about  levels  very  often. 

( )ne  point  that  might  be  made  is.  in  terms  of  the  levels  of  signals  coming  into  gates,  there  is  a  distinct  difference  in  an 
optical  system  in  fan-out  compared  to  an  electrical  one  in  which  the  signal  is  defined  by  a  parallel.  If  you  choose  to  fan¬ 
out  to  four  devices,  you've  got  to  divide  your  power  by  four.  If  you  choose  to  fan-out  to  only  two,  then  you've  got  to 
have  twice  as  much.  At  some  stage  you've  got  to  gel  these  all  back  together  to  some  standard  levels;  certainly  if  you  are 
slicking  to  threshold  logic  that  causes  problems.  May  I  just  conclude  that  point  by  saying  that  I  think  we  can  get  round 
that  and  use  non-threshold  approaches. 

J.P.Dakin,  UK 

I'm  new  to  the  field,  from  the  outside  hxiking  in.  People  have  used  terms  like  fan-out  and  basic  mechanisms  of  switching 
beams.  However,  we  have  to  remember  here  that  this  first  stage  produces  an  extremely  narrow  beam  which  if  there  is  a 
high  density  of  bistable  stales  is  an  extremely  narrow  beam  originally  of  parallel  form.  To  try  and  produce  holographic 
melhtxls  of  switching  this  involves  operating  over  an  extremely  small  area  and  there  are  problems  in  getting  the 
necessary  resolution  with  any  form  of  basic  grating  effect  to  actually  deflect  the  beam  in  the  required  direction.  It  it's  a 
very  narrow  beam,  it  will  produce  a  very  broad  deflected  beam.  The  pipeline  structure  may  work,  but  there  will  clearly 
be  diffraction  effects  after  the  first  stage  of  processing  —  from  all  the  various  optical  levels  involved  over  a  very  small 
array  And  I  think  the  basic  diffraction  optics  are  something  which  people  haven't  really  considered  here.  1  think 
perhaps  I  would  like  to  hear  more  discussion  on  it. 

A.W.Lahmann,  C're 

May  I  respond  to  this  and  possibly  go  to  the  blackboard?  It  is  easier  to  make  a  painting  for  a  pipeline  processor, 
although  the  feedback  prevessor  isn't  really  different  in  principle.  One  way  to  ItMik  at  it:  you  might  have  here  a  data 
plane...  and  you  have  a  lens  that  forms  from  every  point  an  image  to  the  next  data  plane.  So  this  is  data  plane  number 
one.  and  this  is  data  plane  number  two.  and  this  is  data  plane  number  three,  and  so  on.  And  at  every  plane,  here  is  .some 
logic  going  on  —  an  array  of  logic  components.  Now  a  hologram  or  some  other  component  that  does  the  redirection  of 
light  beams,  for  example,  these  beams  are  now  deflected  this  way  so  that  they  are  ending  up  at  this  point  instead.  So  if 
this  is  hoktgram  no.  I  or  deflector  no.  I  etc.  then  you  would  have  here  the  next  one  and  for  this  you  would  need  another 
lens  which  opticians  would  call  a  field  lens.  This  field  lens,  then,  would  image  this  point  by  means  of  these  rays  into  one 
point  which  is  then  here  again.  So  again  there  is  an  imaging  from  deflector  planes  to  deflector  planes  so  you  have  a 
nested  system  of  imaging  —  one  side  here  and  the  other  side  here  —  this  nested  system  of  imaging  is  so  that  you 
conserve  the  number  of  pixels  throughout  the  total  pipeline  system  (of  course  instead  of  doing  pipelines  one  could  roll  it 
up  into  a  feedback  system  —  this  wtxild  be  ba.sically  the  same)  hut  in  this  scn.se  you  really  can  maintain  the  number  of 
pixels,  let's  say  hopefully  one  million  or  so.  over  several  peritxls. 
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DISCUSSION  OF  CLOSELY  COUPLED  TWIN  STRIPE  LASERS  WITH  BISTABILITY 


J.W.Haus,  US 

Could  you  make  any  comment  about  other  active  bistable  devices  like  these  cleave-coupled  cavity  devices  or  others  that 
have  been  made? 

J.E.CarrolL  UK 

They  have  their  cavities  in  parallel;  we  have  ours  in  tandem.  And  whether  in  fact  they're  m*  >dal  bistability  or  whether 
they're  using  more  dispersive  bistability  this  idea  was  —  certainly  devices  in  tandem  —  was  first  thought  of  hv  Ha.sov 
a  long  time  ago  and  developed  or  constructed  by  L.asher.  It  didn't  work  too  well.  They  relied  on  absorptive  bistability 
trying  to  get  the  one  level  so  there  wasn't  sufficient  light  for  lasing  and  another  level  so  there's  sufficient  light  in  both 
elements  to  maintain  lasing.  The  cleaved-coupled  cavity  variety  I  think  is  of  that  son  rather  than  the  modal  bistability 
which  I  think  we're  operating  here.  In  the  cleave-couple  cavity  1  believe  we're  going  to  have  a  change  in  electron 
concentration,  and  1  suspect  that  will  therefore  be  slower.  But  time  will  tell. 


18-19 


DISC'l'SSION 


S.D.Smilh.  UK 

rhal  was  a  super  finish!  Could  you  say  jusl  exactly  what  ytiu  ask  the  liquid  crystal  light  valve  to  do  in  your  operations?  Is 
it  amplifying?  Is  it  stepping? 

Author's  Reply 

Basically  it  is  a  controlled  hirefringeni  mirror  with  roughly  36(I.(MMI  elements;  a  polarizer  and  analyzer  convert  it  to  a 
polarization  rotator  or  an  amplitude  changing  device  whichever  I  want. 

S,D.Sinilh,  UK 

Well,  does  that  mean  it  was  acting  as  a  gale? 

Author's  Reply 

No.  To  make  it  act  as  a  gate  what  I'll  do  is  bring  in  a  single  beam  reflected  off  the  light  valve  twice  with  a  combination  of 
polarizers  and  analyzers  in  there  and  find  that  in  order  to  have  it  get  through  the  whole  set  of  polarizers  and  analyzers  I 
have  to  have  specific  inputs.  Otherwise  I  gel  zervi  out  and  that’s  what  a  gate  does. 

S.D.Smith,  UK 

Sure,  1  understirod  the  gate  What  was  it  doing  w  hen  it  wasn't  a  gate? 

Author's  Reply 

OK.  When  it  wasn't  a  gate  it  was  an  optical  amplifier  in  the  case  of  the  residue  adder:  in  the  ease  of  the  master  slave  flip- 
flop  It  was  a  flip-flop, 

S.D..Sfnilh.  UK 

It  was  sometimes  an  amplifier  and  sometimes  a  flip-tlop. 

Author's  Reply 

Basically  it's  your  active  element,  your  transistor,  and  as  you  make  various  transistor  circuits,  so  you  make  various  light 
valve  circuits.  I-  xcept  that  there's  the  equivalent  of  .IbO.tMIO  transistors. 


POSSIBLE 


Figure  21.  Optical  apparatus  for  inuUIpl Icatlon  mapping  implementation. 


Figure  22.  Detail  of  mapping  implementation  in  multiplication  unit. 
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Figure  19.  Modulo  9  truth  table  mappings  for  multiplication  by  one  and 
four. 
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Figure  20.  Birefringent  gate:  mapping  Implementation  principle. 
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